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It is fitting that this book be dedicated to 
Charles B. Cushwa, Jr., 
chief executive of Commercial Shearing, Inc. 
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It was his interest in tunneling and his personal support 
and encouragement that led, first, to the publication 
of the book Rock Tunneling with Steel Supports 
and, later, this study on earth tunneling. 











Preface 


Earth Tunneling with Steel Supports is a companion volume to Rock 
Tunneling with Steel Supports which was first published in 1946 and last 
revised in 1977. 


The original manuscript was drafted in the years preceding and follow- 
ing World War II by Dr. Karl Terzaghi, Robert V. Proctor, and Thomas L. 
White, also authors of the rock tunneling book. It was edited for current, 
technical accuracy by Thomas L. White, Samuel Taradash, and other 
members of the Tunnel Division of Commercial Shearing, Inc., and pre- 
pared for publication by the Advertising Department. 


Dr. Terzaghi, one of the world’s leading authorities on soil mechanics, 
prepared the sections covering geological investigations and ground load- 
ings. He was a member of the American Society of Civil Engineers and the 
Institute of Civil Engineers (London). Until his death in 1963, Dr. Terzaghi 
authored more than 200 technical papers and was a respected consultant 
on tunnel projects throughout the world. He also lectured at the Graduate 
School of Engineering, Harvard University, on engineering geology. 


Mr. Proctor and Mr. White prepared the balance of the text dealing 
with types and designs of underground supports and their installation. A 
former vice president and general manager of Commercial Shearing, Mr. 
Proctor died in 1967. His knowledge of design and cost data has proved in- 
valuable to contractors and engineers over many and continuing years. A 
great deal of credit for initially conceiving and writing this book must be 
traced to his perseverance born from a consuming interest in underground 
construction. . 


Mr. White recently retired as chief consultant for the Underground 
Supports Division of Commercial Shearing. His reputation as an expert, 
gained from years of experience, study, and writings, is also international, 
covering countless projects, many of which are recognized as monumental 
feats of engineering. Mr. White was instrumental in making both the origi- 
nal and the finished manuscript a priceless tool for design engineers, own- 
ers, and contractors. He is a Fellow of the American Society of Mechanical 
Engineers as well as a registered civil engineer and a member of other 
engineering societies. 


Mr. Taradash has been a member of the tunnel consulting staff of 
Commercial Shearing since 1957, and was named its chief upon the retire- 
ment of Mr. White in 1968. A registered professional engineer, Mr. 
Taradash is a member of the American Society of Civil Engineers, Institute 
of Civil Engineers (London) and the British Geotechnical Society. 


This book treats soft ground tunneling from geological investigation 
through methods of supporting many different types of soft ground. Special 
problems confronting the tunnel contractor are reviewed and methods of 
solution are offered. 


The empirical constants shown for use in determining effective ground 
loading are the result of numberless observations and many successful in- 
stallations. 


If the information presented is of service to the tunnel construction in- 
dustry, and will encourage improved techniques that will result in speedier, 
more economical and safer underground construction, then the purpose 
in publishing this book will have been fulfilled. 
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Introduction 


Tunneling through soft ground, that is ground other than rock, can be 
treacherous. Rarely does a tunnel traverse a homogeneous media. Ground 
can and does change radically. The tunnel contractor’s ability to cope with 
these conditions expertly and promptly is the key to successful tunnel con- 
struction. 


The purpose of this text is to pinpoint these particular problems and 
to indicate methods that can help the tunnel contractor deal with them 
competently. 


Beginning with the geological investigation, the text covers loadings 
imposed by various types of ground, kirids of ground supports used, their 
installation, and ways to control different types of soft ground. 


In light of mechanical advancements in tunneling methods, some des- 
cribed and shown may seem antiquated. However, in tunnel projects too 
small to warrant sophisticated and expensive equipment, these methods are 
still applicable and widely followed. Not all projects are mammoth in size. 
Machines are not always economically feasible. 


The advent of the tunnel boring machine with its potential for high- 
speed tunneling has led to improvements, also, in systems to support ex- 
cavation. Steel pans, precast concrete segments, steel ribs with timber lag- 
ging set between the flanges of ribs, steel liner plates, and shotcrete have all 
found particular use as temporary as well as permanent tunnel supports. 


We believe this book will contribute to safety and economy in soft 
ground tunneling which is of universal concern. We also hope that it will 
serve to stimulate continued research to further improve techniques of 
tunnel construction that, in turn, will lead to greater use of the sub-surface 
for functions and facilities that need not be built above ground. 


Thomas L. White 


Youngstown, Ohio 
April 12, 1977 





Chapter 1 
Geologic Investigations 


The cost of a tunnel must be estimated and 
material and equipment be ordered before the 
ground is opened for visual inspection. Part of 
the information required for these prelimi- 
naries is obtained from the results of test bor- 
ings and soil tests. Soil conditions prevailingin 
the areas between the test borings can only be 
judged on the basis of previous information 
concerning the structure of strata with similar 
geological origin. This origin can only be ascer- 
tained from geological investigations. 


If the engineer has a choice between two 
or more different sites for a proposed earth 
tunnel, a geological survey may furnish him 
with significant information regarding relative 
merits of the alternative sites before any test 
borings are made. Such a survey can save the 
engineer the time and money required to ex- 
plore a topographically attractive site which, 
however, may prove to be geologically unsuit- 
able. 


principal types of 
unconsolidated deposits 


The soil and unconsolidated sediments 
which overlie bedrock have different origins. 
Most of these consist chiefly of particles de- 
rived from a previously existing rock. Some are 
detached from the parent rock by mechanical 
rock weathering or abrasion; the most common 
constituent derived this way is quartz. Others, 
like clay particles, are produced by the chem- 
ical decomposition of other minerals, such as 
feldspar. During volcanic eruptions, large 
quantities of minute particles are ejected from 
volcanic vents. In shallow lakes and sheltered 
coves the organic, calcareous, or siliceous re- 
mains of various organisms, such as algae, ac- 
cumulate and build up what are known as de- 
posits of organic origin. 


Some of the unconsolidated products of 
geological processes remain forever at the site 
of their origin. Others are picked up by one 
of several transporting agents, such as rivers or 
air currents, and deposited at a considerable 
distance from their original site. Those of the 
first category are autochthonous deposits, 


and those of the second are transported sedi- 
ments. 


Autochthonous deposits include the blan- 
kets of residual soil which cover the rock out- 
crops of large areas. They also include various 
deposits of organic origin, such as layers of 
peat, deposits of lake marl, or diatomaceous 
earth. 


Transported sediments can be divided into 
several large groups, including river, lake, ma- 
rine, glacial, and wind-laid deposits. 


The term river deposit applies to all sedi- 
ments which were laid down in river channels 
or on adjoining flood plains. 


Lake deposits are formed by sedimentation 
in still water. Part of the material contained in 
a lake deposit, peat or diatomaceous earth, 
may be autochthonous. The balance of the de- 
posit is brought into the lake by rivers or is pro- 
duced by wave action along the shores of the 
lake. This also applies to marine deposits which 
are formed along the shores and on the bottom 
of the ocean. 


Glacial deposits were transported to their 
present location by ice streams, called glaciers, 
and then deposited where the ice melted. 
These fluvio-glacial deposits consist of material 
which was first transported by the ice and then 
laid down beyond the rim of the ice sheet by 
streams emerging from the ice. 


Wind-laid or aeolian deposits were trans- 
ported by wind to the site of their formation. 


Originally, all river, lake, marine, and flu- 
vio-glacial deposits were located below the 
water table. Subsequent crustal movements or 
climatic changes have caused a considerable 
lowering of the water table with reference to 
the land surface. Each of these deposits may, 
therefore, be encountered above or below the 
water table. 








influence of geologic origin on 
soil character and soil profile 


Residual soils are rarely encountered in 
tunnel construction since they constitute a thin 
blanket which covers the underlying rocks. 
Only the transported soils require considera- 
tion. The character of the transported sedi- 
ments and the structure of the deposits depend 
usually on the mode of transportation and the 
circumstances under which sedimentation took 
place. 


deposits in river valleys 


The volume ofthe largest particles which a 
river can carry determines the competence of 
the river. At any one point it varies with the 
seasons and generally decreases in a down- 
stream direction. Transportation by flowing 
water leads to some segregation of the trans- 
ported material by particle size. The coarsest 
particles are laid down in the river’s upper 
course. A large part of the finer gravel and sand 
particles is washed into the middle and lower 
course. Part of the clay carried in suspension is 
laid down on the flood plains beyond the con- 
fines of the river channel. The balance is 
washed into lakes or into the ocean, where it is 
deposited in still water. 


Most rivers are very old and their histories 


Residual Soil 


can be very complex. Radical changes taking 
place during their lifetimes produce equally 
radical changes in the average competence and 
in the quantity of transported material. The 
character of the sediments which occupy a 
river valley may change considerably with in- 
creasing depth below the valley floor. In the 
valleys of the Mississippi, as wellas many ofits 
tributaries, sediments are coarser with depth 
than near the surface. 


Normally, the course of a river can be di- 
vided into three parts — the upper, the middle, 
and the lower course. Notable deposits of un- 
consolidated material are limited to the middle 
and lower courses. 


In the middle course, river sediments con- 
sist chiefly of sand and gravel. The valley floor 
is relatively narrow, and in its natural state the 
river shifts its bed continuously. Wherever the 
river bed may be, the coarsest particles travel 
along the inner while the finest ones move 
along the outer side of the curves. During the 
high water season the river deepens its bed, 
and as the floor subsides, new material is de- 
posited. During these alterations, local segre- 
gation of particles according to grain size takes 
place. As a consequence, the profile of the 
river’s sediments is generally erratic, as shown 
in Figure 1-1. Permeability varies from place to 
place, but its average value is high. 
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Figure 1-1 Erratic Structure of Soil in a River Bed 


In its lower course, the river meanders over 
a plain which has gradually been built up by 
the river and its tributaries. Every year during 
the high water season, flood waters overtop 
the river’s natural dike, spread over vast areas, 
and cover these areas with a thin sheet of fine- 
grained sediments — the origin of flood-plain 
deposits. In contrast to river deposits, they con- 
sist of almost horizontal layers extending with- 
out any gap over large areas. Figure 1-2 is a 


River 





Fine Sand 
Medium Clay 


pression in the fan’s surface becomes filled 
with fines. The fans of neighboring water 
courses coalesce and merge into a deposit with 
an extraordinarily complex and erratic struc- 
ture — just the opposite of a flood-plain depos- 
it. This is known as a Piedmont deposit. 


Piedmont deposits are common in semi- 
arid regions partly occupied by young moun- 
tain chains, such as in the southern part of 


Silt 
Stiff Clay 


Figure 1-2 Simple Stratified Structure of Soil in a Flood Plain 
Mississippi River Valley North of New Orleans 


diagram of a section through the Mississippi 
River’s flood-plain deposits north of New Or- 
leans. It contains layers of stiff clay separated 
from each other by strata of very fine sand. The 
simple structure gives way to more intricate 
structural patterns only in those places once 
occupied by the river channel. If a tunnel were 
to be built in such a formation, the sand could 
be avoided almost entirely by properly selecting 
the elevation of the tunnel, provided the 
thickness of one of the clay strata is consider- 
ably greater than the height of the proposed 
tunnel. 


An entirely different kind of deposit may 
be formed where a river passes abruptly from 
a steep valley onto a plain. At the point of 
emergence from the valley, the competence of 
the river decreases suddenly. As a consequence, 
the river is compelled to drop the major part 
of its load in the shape of a fan spreading out 
over the plain. As a result of the large amount 
of material which the stream deposits, every 
channel is soon choked and superseded by a 
new, larger one. In these new channels, the 
river deposits coarse material and every de- 


California or the eastern part of Utah. Large 
Piedmont deposits are also found in the south- 
eastern part of the U.S. between the Appala- 
chian Mountains and the Atlantic coastal plain. 


Tunneling conditions in Piedmont deposits 
located below the water table may change in 
rapid succession. In some sections, fine- 
grained, flowing ground may be run across. In 
others, it may be very difficult to maintain air 
pressure because of excessive air loss. 


In the Piedmont deposits of some tunnels 
it was found that the sand and gravel were 
slightly cemented. This cementation can be re- 
cognized in advance of construction only if 
core borings are made. The presence of a bind- 
er helps the tunneling operation considerably. 


deposits in standing water 


When a water course enters a body of 
standing water (such as a lake or the ocean) it 
drops its load. As the load accumulates, a de- 
posit is formed which is roughly triangular in 








plan. As the deposit grows, the base of the tri- 
angle extends farther and farther into the 
standing water. These deposits are known as 
delta deposits. 


The finest sediments settle at the bottom 
of a body of water, at a relatively great distance 
from their point of entry, forming the bottom- 
set beds. Coarse sediments are accumulated 
near the point at which the water’s velocity is 
checked, which is at the edge of the delta de- 
posit. At that edge, the surface of the deposit 
descends on a somewhat steep slope toward 
the bottom-set beds, which are located a con- 
siderable depth below the water’s surface. 
Coarse-grained sediments form inclined layers 
called fore-set beds. As the delta grows, its sur- 
face becomes buried beneath flood-plain de- 
posits — the top-set beds. 


Deltas with well-defined, bottom-set, and 
fore-set beds are only formed if the level of a 
body of standing water is fairly stationary. In 
reality, the levels of both oceans and large 
lakes commonly fluctuate by tens or even 
hundreds of feet during the course of time. 
These fluctuations prevent the development of 
deltas possessing simple and characteristic 
structures. Shore currents and waves remove 
material from both the delta and the shores, 
and separate it again according to grain size. 
Those deposits which accumulate at the point 
of discharge of big and old streams most often 
consist of an erratic sequence of layers and 
lenses of clay, silt, and silty sand. Clean, coarse 
sand or gravel are either wholly absent or 
present in relatively small quantities. 


A subsequent permanent rise of the land 
may lift the surface of these deposits to a con- 
siderable altitude above the neighboring water 
tables. Then surface erosion starts and carves 
out deposited material, leaving ridges that are 
separated from each other by valleys or gullies. 
Such remnants of former delta deposits exist in 
great numbers on every continent. When a tun- 
nel is mined through one of the ridges, any type 
of ground, ranging from firm to flowing, may 
be found. Tunneling conditions in Sao Paulo, 
Brazil are an example. 


coarse-grained glacial deposits 


During the Pleistocene Period — beginning 
about one million years ago and ending about 
ten thousand years ago — the major part of the 
North American continent, north of the lati- 


tude of New York City, was covered three 
times by a thick sheet of ice. The lower parts of 
every moving ice sheet are interspersed with 
rock fragments and mineral particles which the 
ice picks up as it moves over its base. When the 
ice melts, these solid fragments are dropped. 
As a result of this sequence, those ice sheets 
which covered the northern part of the conti- 
nent left a fairly continuous blanket of ice-laid 
or glacial deposits in their wake. 


Coarse-grained, ice-laid deposits can be di- 
vided into two main categories, ground mo- 
raines and terminal moraines. Both may con- 
sist of rock fragments and mineral particles 
of any size between that of a big boulder and 
a dust particle. 


If the ice melts away simultaneously over a 
large area, or if the ice front retreats at a fairly 
uniform rate, the solid material which was for- 
merly embedded in the ice covers the land- 
scape like a blanket. This blanket consists of a 
well-compacted agglomeration of rock and 
mineral fragments known as ground moraine 
or till. If the ice front remains stationary for a 
long period, the distribution of the glacial de- 
tritus over the landscape is not uniform, since 
the major part of the solid material carried by 
the ice is deposited at the ice rim. When the ice 
front again retreats, a broad ridge of detritus is 
left along the line where the temporary halt of 
the ice had occurred. Ridges of this type are 
known as terminal moraines which appear asa 
conspicuous feature of many landscapes, such 
as those in South Dakota and central Illinois. 
Because the ice rim in plan is commonly con- 
vex in a downstream direction, the crest of the 
terminal moraines is also curved the same way. 
Every long, temporary halt of the ice is com- 
memorated in the terrain by a terminal mo- 
raine. Numerous halts of long duration create 
numerous terminal moraines more or less par- 
allel to each other and at approximate right 
angles to the direction of the ice movement. If 
a railroad is laid out in the general direction of 
the ice movement, it must cross these moraines 
in open cuts. In mountain regions, where mo- 
raines can be very high, the crossing may re- 
quire an earth tunnel. 


Figure 1-3 is a diagrammatic section 
through a terminal moraine dumped by a gla- 
cier which advanced over a rock surface. The 
direction of the ice movement is indicated by 
the arrow. In an upstream direction the termi- 
nal moraine merges into the ground moraine. 


In a downstream direction it grades into fluvio- 
glacial deposits which have been laid down by 
the stream of water emerging from the ice 
sheet. 


pleistocene clay deposits 


The term Pleistocene clay refers to clay 
which was deposited during the Ice Age. Ifthis 
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Figure 1-3 Terminal Moraine 


The profile shows that test borings may miss pockets of dry and 
saturated sand contained in the moraine. 


The composition of the terminal moraine 
depends on the character of the detritus car- 
ried by the glacier. Some moraines contain 
rock fragments up to the size of huge boulders. 
Others contain no particles larger than a nut. 
In general, moraine material is well-graded 
and its permeability is usually low because of a 
high content of fine rock flour. 


If an ice sheet advances temporarily be- 
yond the line which it has occupied for a long 
time, it pushes part of its terminal moraine 
over fluvio-glacial deposits washed out of its 
own moraine or from previous glaciers on the 
downstream side of the moraine. The plowing 
and kneading action of the advancing ice dis- 
torts all the boundaries between the different 
types of deposits which were previously laid 
down. This leads to agglomerations of glacial 
and fluvio-glacial material with extremely intri- 
cate structures. 


Even such simple and undistorted terminal 
moraines as those shown in Figure 1-3 are like- 
ly to contain irregular pockets of water-laid 
sediments. 


clay was formed close to the ice rim, it is al- 
most always called a glacial clay. Along the 
ice rim the continent was dotted with large 
lakes, many of which have now disappeared. 
Those rivers which came out of the ice were 
heavily loaded with sediments. The coarsest 
particles were deposited close to the ice rim 
and in river channels. The silt and clay parti- 
cles were transported and laid down in the 
lakes and near the seacoast. 


Most of the fine-grained sediments depos- 
ited in lakes close to the ice front consist of thin 
layers of clay alternating with layers of fine silt. 
These are known as varved clays. Other glacial 
clays, such as the Chicago or Boston clays, 
have no well-developed stratification. The low- 
est clay strata are usually much stiffer than the 
bulk of the overlaying clay. 


Immediately after they were formed, all of 
these clay strata were located below the water 
level of a lake or ocean. If the stratum was tem- 
porarily or permanently lifted above the free- 
water level, or if the water level subsided with 
reference to the land surface, the top layer of 








the soft, upper stratum dried and became stiff. 
If such a dried layer is again flooded it absorbs 
only a small fraction of the amount of water 
previously lost by desiccation. As a conse- 
quence, the soft clay remains permanently en- 
closed between the stiff top and a stiff bottom 
layer. 


These conditions of general stratification 
prevail in many clay deposits, such as those on 
which Chicago and Boston are located. Chica- 
go’s subway tunnels were constructed through 
such clay deposits. The dry crust of the clay is 
buried beneath a layer of water-bearing sand 
and silt. In some regions the clay deposits con- 
sist.of several layers of stiff clay separated 
from each other by soft layers. Each of these 
stiff layers represents a dried-out crust which 
was subsequently buried beneath younger clay. 
When the surface of the young clay was tempo- 
rarily exposed, a second dry crust was formed. 


While the surface of a clay stratum is lo- 
cated above the level of the adjoining lake or 
ocean, valleys may be carved out of the deposit 
by erosion. When the water level rises again, 
these valleys are normally filled with sand or 
silt. Such a buried valley crosses the site of the 
Massachusetts Institute of Technology in Cam- 
bridge, Massachusetts, and is responsible for 
an unequal settlement of building foundations 
in the area. Similar valleys cut across the top 
stratum of the clay deposit on which the south- 
ern part of Chicago is located. These were 
formed at a time when the level of Lake Michi- 
gan was temporarily at least 40 feet below its 
present level. One such valley was encoun- 
tered near the intersection between South 
State and 16th Streets. The bottom of this val- 
ley was 34 feet below the present lake level. 
The bottom and sides were separated from the 
underlying soft blue clay by a stiff crust similar 
to the one usually encountered immediately 
above or below the present lake level. 


Test borings spaced 200 or 300 feet may 
miss a buried ravine, and if miners excavate 
into the slope of a ravine without knowing it 
in advance, a catastrophic run may occur. Re- 
ducing the spacing between test borings to 100 
or 50 feet over the entire length of the tunnel 
would be expensive, if not impracticable. How- 
ever, if the geologic survey indicates the possi- 
bility of buried valleys, the customary spacing 
between test borings can be retained, but inter- 
mediate soundings should be made. Typically, 
the cost of soundings per foot of depth is a frac- 
tion of the corresponding cost of borings. 


wind-laid or aeolian deposits 


All river and glacial deposits are more or 
less well-graded; in any one deposit the effec- 
tive grain size varies widely from point to point. 
In contrast to these, all wind-laid deposits, 
with the exception of some deposits of volcanic 
ash, are remarkably uniform, and the local 
variations of the effective grain size are slight. 
Air currents divide the loose material located 
in their paths into several fractions that pos- 
sess well-defined characteristics of grain size. 
Coarse particles with a grain size of more than 
about 0.2 mm. advance only short distances, 
by rolling or jumping over the ground. Those 
with a grain size of about 0.1 mm. are carried 
upward and deposited in belts along the bor- 
ders of windswept areas. Particles with a grain 
size of about 0.05 mm. to 0.02 mm. are carried 
over long distances and deposited as blankets, 
with thicknesses ranging between a few feet 
and more than a hundred feet. These dust soils 
are known as loess. Figure 1-4 represents a sec- 
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Figure 1-4 Terminal Moraine Overlaid with Loess 


tion through a loess deposit which was laid 
down on the crest of a terminal moraine. The 
moraine, in turn, rests on what appears to be a 
lake deposit consisting of clay. 


Above the water table, typical loess has 
high cohesion and is almost free of joints. If 
such loess is encountered above the water 
table, it constitutes firm ground, whereas dune 
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sand has the character of running ground. Be- 
low the water table, both dune sand and loess 
behave as flowing ground. If necessary, dune 
sand can be drained by pumping from well 
points, while loess, like bull’s liver or quick- 
sand, cannot be drained by pumping alone. 
More elaborate methods, such as the vacuum 
or the electro-osmotic method are required, un- 
less the tunnel can be dried up by compressed 
air. 


Weathering causes loess to lose many ofits 
initial characteristics. Its porosity decreases, 
clay minerals are formed, and the loess as- 
sumes the character of a lean clay which does 
not swell perceptibly. 


Deposits of volcanic ash or of tuff origi- 
nate during periods ofintense volcanic activity. 
As a result, layers and lenses of ash may alter- 
nate in an erratic manner with sheets or flows 
of eruptive rock. If such a combination of rock 
and volcanic ash is encountered in a tunnel be- 
low the water table, construction of the tunnel 
is likely to be troublesome. 


effect of bedrock topography on 
tunneling conditions 


Every unconsolidated sedimentary forma- 
tion rests on bedrock. If the bedrock surface is 
fairly even and horizontal, the tunnel can usu- 
ally be laid out so that it will be located entirely 
in earth or in rock. The choice depends on the 
limitations which may be imposed by the tun- 
nel’s depth as well as economic factors. 


If the bedrock surface is uneven, the tunnel 
may ultimately cross the boundary between 
earth and rock one or more times. Tunneling 
conditions can change radically when this oc- 
curs. Foreknowledge of the approximate loca- 
tion of these areas helps the contractor deal 
with them without experiencing catastrophic 
accidents. 


In North America, north of the 40th paral- 
lel, and in all other parts of the world covered 
by ice during the Pleistocene Period, buried 
valleys are common. They may be filled with 
any kind of earth or with an erratic sequence of 
layers and lenses of very different soils. If geo- 
logical surveys indicate the possibility of a 


tunnel striking a buried rock ridge or rock val- 
ley, a detailed survey of the bedrock surface is 
necessary. Data needed for plotting the con- 
tour lines of the bedrock surface are obtained 
by test borings, which should be supplemented 
by soundings or by other geophysical methods. 


construction of soil profile 


If the structure of a body of sediments is 
as simple as that of the deposit shown in Fig- 
ure 1-2, an engineer who is unfamiliar with ge- 
ology may be able to construct a reasonably 
accurate soil profile on the basis of the test 
boring records. If the structure is erratic, the 
conclusions that he draws from the boring rec- 
ords may be misleading. If any doubt exists re- 
garding the simplicity of soil conditions at the 
site of a proposed earth tunnel, a geologist well- 
versed in sedimentary geology should be con- 
sulted. 


If the structure of the soil is very erratic, 
even a competent geologist will not be able to 
construct a reliable soil profile on the basis of 
the records of borings spaced 200 feet or even 
closer. Borings indicated in Figure 1-3 did not 
strike any gravel pockets. The geologist has no 
means of predicting where such pockets are or 
whether they will be encountered. On the basis 
of his knowledge of moraine structure, he will 
call the engineer’s attention to the fact that 
such pockets are likely to be met. If the infor- 
mation furnished by test borings regarding 
ground water conditions are inconclusive, he 
will insist that boring tests be continued until 
adequate information is obtained. 


Should the geologist be unfamiliar with 
tunneling he may fail to alert the engineer to 
the possibility of encountering water-bearing 
sand or gravel lenses (see Figure 1-3), since he 
is unaware of their serious implications. More- 
over, if the engineer lacks familiarity with geo- 
logy, he may not consult a geologist, since the 
favorable results of the test borings will lead 
him to believe that tunneling conditions also 
will be favorable. Every tunnel engineer should 
be familiar with the elements of geology, and 
every geologist associated with a tunnel job 
should become acquainted with the elements 
of tunnel engineering and construction. 
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Chapter 2 
Subsoil Exploration 


On most tunnel jobs, large quantities of 
material and equipment must be ordered in 
advance of construction, and the type of equip- 
ment must correspond to anticipated tunneling 
conditions. If these conditions are misjudged, 
long delays and exorbitant expenditures result. 
Therefore, sound engineering calls for a thor- 
ough exploration of the subsoil (located be- 
tween the ground surface and a depth equal to 
the width B of the tunnel below the level of the 
proposed tunnel bottom) before placing orders 
for material and equipment. 


Soil explorations should be planned so that 
their results will furnish all basic data needed 
to develop a reasonably accurate soil profile. In 
addition, reliable information should be ob- 
tained concerning all the properties of the 
ground which are likely to exert a critical in- 
fluence on tunneling conditions. These proper- 
ties are referred to as significant soil proper- 
ties. Soil exploration should also furnish de- 
pendable information on the extreme positions 
of the water table. 


With regard to significant soil properties, 
distinction must be made between cohesion- 
less and cohesive soils. Cohesionless soils in- 
clude sand, gravel, and sand-gravel mixtures. 
All soil particles with a grain size between 0.06 
and 2.0 mm. are classified as sand, and the 
coarser ones as gravel. Roughly, the sand frac- 
tion includes that part of a cohesionless soil 
which passes a 10-mesh screen and is retained 
on a 200-mesh screen. 


Cohesive soils include clay, silty clay, and 
sand-clay mixtures. If a cohesive soil dries 
out, it becomes so hard that it becomes difficult 
or impossible to crush fragments between the 
fingers. A dry, cohesionless soil has no coher- 
ence at all. Silt and silty soils are intermediate 
between cohesionless and cohesive soils. 


Generally, the investigation of physical 
soil properties belongs in the field of soil me- 
chanics. The following paragraphs contain a 
condensed review of those fundamental con- 
cepts which have a direct bearing on tunneling 
conditions. 


significant properties of 
sand and gravel 


In nature almost every gravel contains at 
least a small quantity of sand. Sand or sand- 
gravel mixtures may be coarse or fine-grained, 
poorly or well-graded, dense or loose. If the 
material found in a tunnel located above the 
water table has poor grading, absence of very 
fine sand, and loose structure — either singly or 
in combination — a running condition can be 
expected. If it is encountered below the water 
table, the same properties invite a heavy flow 
of water into the tunnel or an excessive loss of 
air. When tunneling through sand or sand- 
gravel mixtures, the engineer should consider 
grain size, grading, and density. 


The grain size characteristics of cohesion- 
less soils can be determined by a sieve analysis. 
Results of this analysis should be graphically 
represented on a semi-logarithmic scale as 
shown in Figure 2-1. 


Curves shown in Figure 2-1 are called 
grain size curves. They give a complete picture 
of the grain size characteristic of the soils they 
represent. Grain size Dio corresponding to an 
ordinate of 10 percent has been standardized 
as an effective size. The ratio 
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between the grain size corresponding to ordi- 
nates of 60 percent and 10 percent, respective- 
ly, has been adopted as the uniformity coeffi- 
cient U. 


Grain size curves may be continuous (A 
and B, Figure 2-1), or they may consist of two 
parts separated from each other by an almost 
horizontal line (C, Figure 2-1). Such a break in 
the continuity curve indicates almost a com- 
plete absence of grains with sizes intermediate 
between those of the grains of coarse and fine- 
grained fractions of the soil. 


If the grain size curve is smooth and steep 
(uniformity coefficient U smaller than 3), the 
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Figure 2-1 Grain Size Chart for Sand 


The abscissas represent the logorithm of the grain size. Curve B, smooth and gently rising, represents a well- 
The ordinate of any point represents the weight of the graded sand; such a sand contains grains of all sizes be- 
grains in percent of the total dry weight of the soil which tween large and small. 
are smaller than the grain size corresponding to that 
point. 
Curve A, smooth and steep, indicates a uniform sand; Curve C, stepped, represents a poorly-graded sand; it 
the difference between the size of the smallest and largest differs from a well-graded sand inasmuch as the grains 
grains is small and all intermediate sizes are present. of some intermediate sizes are absent. 
soil represented by the curve is designated as significant properties of silt 
uniform (Curve A). If the curve is smooth and 
rises gently (U greater than 6), the soil is well- Grain sizes of a typical silt range between 
graded (Curve B). If the grain size curve has a 0.05 and 0.002 mm.,with a very small percent- 
conspicuous step, such as Curve C in Figure age of sizes beyond these limits. If the silt is 
2-1, the soil is poorly-graded. The uniformity worked with water into a stiff paste, the paste 
coefficient is meaningless in poorly-graded will be slightly plastic (plasticity index smaller 
soils. than 15, see Table 2-2). When the paste dries, 
fragments of the dried paste can be easily 
The degree of density of a sand or sand- crushed between the fingers. If a pat of wet 
gravel mixture is determined by the equation silt is placed in the palm of the hand and 
Di, = Én —# shaken, its surface becomes glossy due to the 
eo — Emin expulsion of water from the voids of the silt. 
In this equation emin represents the void ra- Bending the pat slightly causes the surface to 
tio (ratio between the total volume of voids become dull again. 
and total volume of soil particles) of the soil 
after thorough compaction in the laboratory; The performance of silt in a tunnel de- 
e is the void ratio in the field; and eo is the void pends on the nature of the silt particles, on the 
ratio of the soil in its loosest state. The value of position of the water table, and on the degree 
D, ranges between 0 and 1. If D, is smaller of compaction. Regarding the nature of silt 
than 0.3, the soil is called loose. If it is greater particles, distinction must be made between in- 
than 0.6, it is dense. A method for judging rela- organic silt or rock flour and organic silt. 
tive density of sand strata insitu by simple field 
tests will be described under “‘Borings.”’ Inorganic silt consists almost entirely of 
small mineral particles. The liquid limit and 
The influence of the significant properties natural water content are below 30 percent. 
of silt on the behavior of these materials in Above the water table, inorganic silt commonly 
tunnels is indicated in Table 2-1, those of silty constitutes raveling ground; below the water 


sand in Table 2-4, sand and sandy gravel with table, flowing ground. 
clay binder in Table 2-5, and clean gravel and 


sand in Table 2-7. Below each table, under Organic silt consists of a mixture of min- 
“Field Identification”, a few easy ways to eral particles and various organic materials in 
recognize these soils are described. a finely divided state. The color is most always 
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Table 2-1 
Significant Properties of Silt 


> = greater than < = smaller than 
Probable Behavior in Tunnel 
Grain Size Degree of Above Below Water Table 
Designation in mm. Density Water Table Free Air Compressed Air 
Inorganic silt 0.05 — 0.002 Dense N* >30 Firm or Flowing Behavior same 
(Bull’s liver, slowly -raveling ground. as if silt were 
quicksand) Loose N* <10 Rapidly raveling Circular located above the 
or cohesive- lining required. water table, 
running small loss of air. 
Coarse inorganic 0.05 — 0.02 Loose, porosity Firm 
silt with soluble close to or 
binder (loose) greater than 50% 
Organic silt 0.05 — 0.002 Soft, N<10 Not encountered 
(Muck, dock mud, above water 
river ooze) table 
Stiff N >30 Firm or Rapidly Slowly squeezing 
slowly squeezing ground. 
squeezing ground. 
ground. 


"N = number of blows per foot of penetration in standard penetration test. 


Field Identification: Shake pat of saturated silt in palm of hand and observe effects. If water appears readily at 
surface and disappears rapidly upon bending: Inorganic silt or very fine, uniform sand. If water appears after 
repeated shaking: Inorganic silt with trace of clay or inorganic silt. Organic silt is commonly light grey 
to blackish and may have a characteristic odor. Rubbing pat with finger detaches fine, smooth powder. Dry pat can 
easily be broken and crushed with fingers. Failure to make these field tests has often led to mistaken silt for clay. 


Laboratory Investigations: Mechanical analysis. Natural water content. Atterberg limits before and after drying 
the sample in the oven at 105°C. Locate points which represent silt in plasticity chart. Drying may reduce 
liquid limit of organic silt by more than 50%. Drying has little or no effect on that of inorganic silt. 


Table 2-2 
Typical Values of Plasticity* and Swelling Indices 
Liquid Plasticity Swelling 


Limit Index Index in 
Type of Soil Location Lw lw % Remarks 
Clean, uniform sand Lynn, Massachusetts — 0 1.4 Running ground 
Stiff, blue glacial Chicago, Illinois 35+ 14 — 18 6.0+ Does not swell perceptibly. 
clay, intact 
Hard, blue marine Coal Mines 58 32 9.0 Heavily precompressed, 
clay, jointed Bekleme, near considerable swelling in drifts. 
Istanbul, Turkey 
Stiff, blue London London, England 60 — 90 40 — 64 upto 13.0 Precompression load at 
clay, jointed least 20 tons per sq. ft. 
Intense swelling in tunnels. 
Stiff clay, intact Paris, France 92 68 11.0 | Precompression pressure at 
(Argile Plastique) least 20 tons per sq. ft. 
Intense swelling in tunnels. 
Soft, black Boston, Massachusetts 187 70 21.0 Not been encountered 
organic clay in a precompressed state. 
Soft, mottled Mexico City, Mexico 516 368 110 Not been encountered 
organic clay in a precompressed state. 


“Note: Plasticity Index is equal to the difference between the Liquid Limit Lw and the Plastic Limit Py, 
expressed in percent of the dry weight. 
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dark. The liquid limit and natural water con- 
tent may be as high as 50 percent. Above the 
water table, organic silt is normally compact 
and constitutes firm or slowly raveling ground. 
Below the water table, the performance of or- 
ganic silt depends on whether the silt was pre- 
compressed. The term precompression is used 
to describe consolidation under the influence 
of a surcharge, such as the weight of a thick 
soil stratum or an ice sheet, which was subse- 
quently removed. Soil strata which have not 
been precompressed are referred to as normal- 
ly consolidated. In a tunnel located below the 
water table, normally consolidated organic silt 
is likely to have the character of flowing 
ground, and precompressed organic silt that of 
slowly raveling ground. 


The influence of the different properties of 
silt on the behavior of silt in tunnels is sum- 
marized in Table 2-3. 


Below the table, under “Field Identification,” 
a few simple procedures are offered to make it 
possible to identify the principal types of silt at 
the jobsite without laboratory tests. 


significant properties of clay 
difference between sand and clay 


Clay, like sand, consists of an aggregate of 
mineral particles. Yet there are two conspicu- 
ous differences between them: a chunk of clay 
becomes hard when it dries out, while a chunk 
of moist, fine sand disintegrates. The proper- 
ties of two clays with identical grain size char- 
acteristics can be extremely different, while 
two sands with equal grain size are likely to be 
similar in every other respect. 


These two differences between sand and 
clay are caused by the difference between the 


Table 2-3 
Significant Properties of Clay 


> = greater than 


< = smaller than 


Qu in tons Field Drillman’s Tunnelman’s 
per sq. ft. Identification Classification Classification 
< 0.25 Easily penetrated Very Soft Knife Clay 

several inches 
with fist. 
0.25 — 0.50 Easily penetrated Soft Knife Clay 
several inches 
with thumb. 

0.50 — 1.0 Can be penetrated Medium Knife Clay 
several inches 
with thumb with 
moderate effort. 

1.0 — 2.0 Readily indented Stiff Spade Clay 
with thumb, but (Power Knife) 
penetrated only 
with great effort. 

2.0 — 4.0 Readily indented Very Stiff Spade Clay 
with thumbnail. 

> 4.0 Indented with Hard Spade Clay 
difficulty by 
thumbnail. 


Behavior in Tunnel 
Prior to Concreting 


Squeezing ground. At 
given q, value, rate of 
squeeze depends on 
cross-section of 
tunnel depth 

of tunnel below 
surface and air 
pressure in tunnel. 


If intact, behaves as 

firm ground. If fissured, 

it may only ravel or 

else ravel and swell. 

Clays represented by 
points in upper right- 
hand quarter of plasticity 
chart are likely to 

swell, if encountered in 
thick homogeneous layers. 


Field Identification: If pat is shaken in palm of hand, water exudes slowly or not at all. Rubbing of dry pat with 
finger does not detach any powder. Resistance to breaking and crumbling with fingers, medium-to-very high. 
Medium strength is characteristic for dried clays represented in lower left quarter in plasticity chart. Very high 
strength for those in upper right-hand quarter. 


Laboratory Investigations: Determine natural water content and Atterberg limits. Locate point which represents 
clay in plasticity chart.” 


“If clay appears to be organic, investigate effect of drying at 105°C on liquid limit. 
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specific inner surfaces of each (total surface 
area of the soil particles per unit of volume of 
soil) and by differences in the mineralogical 
composition of sand and of clay. 


In contrast to most sands, every clay con- 
tains a high percentage of minute flakes, or 
needle-shaped particles consisting of clay min- 
erals. Because of chemical interaction between 
the clay minerals and the water which occupies 
the voids between the clay particles, part of the 
water present in the voids assumes the charac- 
ter of a solid and acts as a binder. 


Clay minerals may belong to one of three 
groups: kaolinite, illite, and montmorilonite. 
The capacity of each to attract and solidify a 
surrounding film of water is different. There- 
fore, different clays with equal clay content 
and equal consistency can also perform differ- 
ently in a tunnel. 


consistency of clays 


Every clay may be encountered in any 
state intermediate between very soft and very 
stiff or hard. This can be demonstrated by al- 
lowing a clay slurry to dry out. As the water 
gradually evaporates, the slurry becomes stif- 
fer. It loses its capacity to flow under slight 
pressure and becomes plastic. The water con- 
tent at that state, in percent of dry weight, is 
known as the liquid limit L,,. During the pro- 
cess of further desiccation, the clay reaches a 
point where it ceases to be plastic and be- 
comes brittle. The corresponding water content 
is the plastic limit Pw. The difference J, be- 
tween L, and P is known as the plasticity in- 
dex. It ranges between about 15 for lean, silty 
clays, such as some of the glacial clays of the 
Great Lakes region, and more than 40 for some 
of the heavy Gumbo clays of the Mississippi 
valley. On rare occasions clays with /, values 
of more than 80 are found. 


While a desiccating clay gradually passes 
from the liquid through the plastic into the brit- 
tle state, the voids of the clay remain complete- 
ly filled with water. Loss of water in the clay 
causes it to shrink. The amount of shrinkage 
during transition obviously increases with in- 
creasing values of the plasticity index Iw. As 
soon as the water content has decreased to a 
certain value called the shrinkage limit Sọ, the 
clay abruptly ceases to shrink, and its color 
changes from dark to light. During further des- 
iccation, air invades the voids of the clay, but 
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its strength continues to increase until no more 
water evaporates. 


In order to eliminate personal opinion in 
determining water content of a clay at the 
boundary between successive states, uncom- 
plicated laboratory tests have been devised 
and are now universally accepted; these are 
the Atterberg Limit Tests. They describe liquid 
and plastic limits as follows: 


Liquid limit is the water content in percent 
of the dry weight when two sections of a dry 
pat of soil barely touch each other when placed 
in a cup but do not flow together when the cup 
is sharply rapped. Since the personal equation 
has considerable influence on original test re- 
sults, a standardized mechanical device known 
as a liquid limit apparatus is now used. 


Plastic limit is the water content of the clay 
in percent of the dry weight at which the soil 
begins to crumble when rolled on a sheet of 
smooth paper into threads with a diameter of 
1/8 inch. 


Limit tests are preceded by complete de- 
struction of the natural structure of the clay. 
The limits determine the consistency of the clay 
in a remolded, unnatural state. If the water con- 
tent of a clay located in a tunnel is equal to the 
liquid limit, then the clay in the tunnel will not 
be liquid. In fact, it may be brittle. It does be- 
come liquid, however, if its structure is severely 
injured by remolding or by some other disrup- 
tion to its natural state. 


clay classification based on 
Atterberg limits 


If clay is struck in a tunnel, the property 
noticed first by the miner is its consistency. He 
will observe whether it is soft, medium, or stiff: 
and whether it is a knife or a spade clay. The 
degree of consistency can be expressed numer- 
ically by its unconfined compressive strength. 


Experience has shown that two clays with 
equal unconfined compressive strength qu 
may behave differently in every other respect. 
One soft clay with a given qu value may retain 
the character of a plastic material after radical 
deformation produced when shoving a shield. 
Another clay with the same q, value may be 
changed by the same action into a thick liquid. 
Or, one stiff clay with a given qu value may 

















swell intensely; another may practically retain 
its original volume. 


Attempts to divide clays into groups with 
similar properties have led to various systems 
of classification. The most satisfactory of these 
is the A.C. System, which is based on the ob- 
servation that two clays with equal liquid limit 
Ly and equal plasticity index J, are likely to 
be similar in every other respect.! To classify a 
clay, the values L, and J, of the clay are 
plotted in a plasticity chart, Figure 2-2. Here 
the abscissas represent the liquid limit L,,, and 
the ordinates the plasticity index /,,. 


Again, experience confirms that all the 
plot points representing clays from the same 
clay stratum are located in close proximity toa 
straight line roughly parallel to the dash-dotted 
“Dividing Line” A in Figure 2-2. For instance, 
all the points representing clays that were en- 
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countered during construction of the Chicago 
subway are located on or close to the Line a b 
in Figure 2-2. If the points representing clays 
from another region were to fall on a line close 
to Line a b, these clays would, in all likelihood, 
exhibit characteristics similar to those of the 
Chicago clays, provided they had the same con- 
sistency. If they are located on a line some dis- 
tance from Line a b, they probably would have 
different characteristics, in spite of their equal 
consistency. 


The dash-dotted Line A divides the area 
covered by the chart into an upper and lower 
half, and each one of these two halves is fur- 
ther divided by the vertical Line B with the 
abscissas Line Lọ = 50. The general character 
of clays represented by points in the various 
sectors of the chart are indicated by the sym- 
bols appearing in these sectors. 


O 
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After A.C. Casagrande 


Figure 2-2 Classification of Clays by the A.C. System 


The plasticity index /w is plotted against the liquid limit 
Ly. Points representing clays from the same stratum are 
likely to lie close to a straight line approximately parallel 
to the broken LineA as for example, the Line ab represent- 
ing the clays encountered in the construction of the Chica- 
go Subway. 


If clays from another locality are represented in the chart 
by a line close to Line ab, these clays can be expected to 


behave in a manner similar to the Chicago clays provided 
they have equal consistency. Otherwise they may behave 
entirely differently even though they have the same 
consistency. 


The circles shown in the chart represent clays which, ina 
stiff or very stiff state, have acted in tunnels as swelling 
ground. 


IA. Casagrande, Classification and Identification of Soils, American Society Civil Engineers, Vol. 73 (1947) p.p. 738-810. 
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Explanation of symbols: 


SC — well-graded sand with clay binder 
SF — silty sand 
CL — lean, inorganic clay 
CH — fat, inorganic clay 
ML — inorganic silt or silty, inorganic clay 
OL — organic silt or silty, organic clay 
MH — fat, silty inorganic clay 
OH — fat, silty organic clay 


All methods of design involving pressures 
exerted by cohesive soils are based at least 
partly on experience. Information derived 
thusly can be misleading unless it is applied to 
construction operations in soils with similar 
physical properties. In tunneling through cohe- 
sive soils, liquid and plastic limits L, and J,, 
are as significant as unconfined compressive 
strength qu and water content wp. 


unconfined compressive strength of clays 
Unconfined compressive strength, Qu per 


unit of area, is a numerical expression for the 
consistency of clay which, in turn, has a deci- 


Load 
q Per Unit of Area 





Porous Stone (a) 


Long Time After Load Removal 
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Void Ratio 








Time 
0 (b) 


sive influence on the rate of squeeze, the load 
on temporary tunnel supports, and the bearing 
capacity of footings. The value of qu can be 
determined by an unconfined compression test 
on undisturbed clay samples. It ranges be- 
tween less than 0.25 tons per square foot for 
very soft samples and more than 4 tons per 
square foot for hard ones. By remolding a sam- 
ple of soft or medium clay with unaltered water 
content, its unconfined compressive strength is 
reduced considerably. The amount of reduc- 
tion depends on the sensitivity of the clay, 
which varies for different clays. It ranges be- 
tween about 50 percent for insensitive and 
more than 90 percent for extremely sensitive 
clays. 


swelling capacity of clays 


The swelling capacity of clays can be in- 
vestigated by means of the apparatus shown in 
Figure 2-3a. It consists of a low, cylindrical ves- 
sel and a loading device. The bottom of the ves- 
sel is covered with porous stone. Voids of the 
stone are filled with water which communi- 
cates with the water contained in a short, open 
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piece of pipe. In order to obtain information on 
the swelling properties of a clay at a given 
depth below the surface, an undisturbed sam- 
ple of the clay is secured at that depth. It is 
then trimmed, introduced into the container 
of the apparatus, and charged with a unit load 
q equal to the overburden pressure per unit of 
area. 


After its water content has become con- 
stant, the load is removed by increments. After 
the removal of each load, the clay swells at a 
decreasing rate as shown in Figure 2-35. The 
void ratio is equal to the volume of water di- 
vided by the volume of solid matter. Since the 
Increase of the volume of the clay is due exclu- 
sively to the increase of its water content, the 
increase of the ordinates in Figure 2-36 also 
represents the increase of the volume of the 
clay due to swelling. The time which elapses 
until the clay practically ceases to swell de- 
pends on the permeability of the clay, all other 
factors being equal. 


After the swelling (due to the removal of a 
load increment) has ceased, the void ratio is 
determined, and the next load increment is re- 
moved. By plotting these void ratios against 
the unit load under which the clay expanded, a 
curve similar to the swelling Curves Cz and C3 
(Figure 2-3c) is obtained. Curve C4 represents 
a greenish, calcareous clay from the Atlantic 
coast of the United States. Curve Co shows the 
results of the tests on a clay sample from a sub- 
way tunnel in Chicago, and C3 those of an 
energetically swelling clay experienced during 
construction of a subway tunnel in the suburbs 
of Paris, France. For comparison, the swelling 


Curve Cs for an ordinary sand was added. 


For any given material, sand or clay, the 
increase of the void ratio due to the removal of 
a load increases with the intensity of the load 
under which the material had previously been 
consolidated. Part of the excessive swelling of 
the clay represented by Curve C3 was caused 
by the clay being consolidated under the in- 
fluence of a pressure far in excess of the pres- 
ent overburden pressure and, in part, by a high 
montmorillonite content. 


When a tunnel is excavated through clay, 
the clay adjoining the tunnel walls passes 
through the same process as represented by 
the Curves C; and C3 in Figure 2-3c. The water 
required to produce the swelling is drawn out 
of clay located at a greater distance from the 
tunnel, which results in a softening of the clay 
at the tunnel walls. 





High swelling pressures have been found 
only in tunnels through thick layers of fairly 
homogeneous, stiff or very stiff clays. At equal 
degrees of stiffness the swelling capacity in- 
creases with a rising swelling index (increase 
of the volume of the clay per unit of volume of 
the solid particles, produced by reducing the 
load on the clay by 90 percent). The value of 
the swelling index ranges between 1 percent 
for clean, fine sand and about 14 percent for 
fat, heavy clay; for exceptionally plastic clays 
it may exceed 100 percent. 


In a general way, the swelling index in- 
creases with increasing liquid limit. In the plas- 
ticity chart (Figure 2-2) the clays with high 
swelling capacity are indicated by small circles 
(these points are located in the upper right- 
hand quadrangle of the chart). If a stiff clay is 
plotted in this quadrangle of the plasticity 
chart, it is one that is likely to swell intensely. 


influence of clay properties on 
behavior of clay in tunnels 


The influence of the properties of clay on 
the behavior of clay in tunnels is summarized 
in Table 2-3. Below this table, under “Field 
Identification,” means for determining the 
character of different clays on the job without 
employing laboratory tests are described. 


significant properties of 
mixed-grained soils 


The preceding paragraphs have dealt only 
with relatively uniform soils. Large bodies of 
such soils are formed only by sedimentation in 
still water. By contrast, soil deposits such as 
sediment laid down by flowing water promise 
to be very non-uniform. These are called mixed- 
grained soils. The significant properties of typ- 
ical mixed-grained soils are summarized in 
Tables 2-4 and 2-5. 


If a sand or a sand-gravel contains a clay 
binder (Table 2-5), it will probably also contain 
a considerable amount of silt. Nevertheless, 
the term silt does not appear in the name of the 
soil. 


methods of subsoil exploration 


In order to determine the types of soil like- 
ly to exist in a tunnel before construction starts, 
it is necessary to make test borings to a depth 
below the level of the bottom of the proposed 
tunnel equal to the width B of the tunnel, and 


Table 2-4 


Silty Sand 
> = greater < = smaller than 
Effective Uniformity Probable Behavior in Tunnel 
Grain Size Coefficient Degree of Above Water Below Water Table 
Designation Doin mm. U Compactness Table Free Air Compressed Air 
Fine, silty sand 0.05 <3 Dense, N>30 Rapidly raveling Flowing Behavior same 
Loose, N<10 cohesive-running ground. as if it were 
ground. located above 
water table. 
Silty sand 0.05 >6 Dense, N>30 Slowly raveling Flowing to 
Loose, N<10 cohesive-running cohesive- 
ground. running 
ground. 


Field Investigation: Field tests are made on material passing #40 mesh sieve. Shaking test brings water to the 
surface readily. Rubbing dry pat with finger detaches gritty powder. Dry pat has cohesion, but it can easily be 


broken and crushed. 


Laboratory Investigations: Mechanical analysis. More than 15% passes the #200 mesh screen. Examine fractions 


with hand lens. Record prevalent shape of particles. 


Table 2-5 
Sand or Sandy Gravel with Clay Binder 


> = greater than 


< = smaller 
Probable Behavior in Tunnel 


Degree of Above Water Below Water Table 
Designation Compactness Table Free Air Compressed Air 

Fine sand with Loose, N <10 Rapidly raveling Flowing Behavior same 
clay binder. Dense, N >30 Firm or slowly Slowly raveling as if it were 

raveling located above 

water table. 
Sand or sandy Loose, N <10 Rapidly raveling Rapidly raveling 
gravel with or flowing 
clay binder. Dense, N >30 Firm Firm or slowly 
raveling 


Field Identification: Field tests are made on material passing the 


#40 mesh screen. If pat is shaken, water is 


exuded slowly or not at all. Dry pat is hard. Rubbing it with finger detaches little or no powder. 


Laboratory Investigation: Mechanical analysis of fraction retained on #200 mesh screen. Atterberg limit tests on 
fraction which passes this screen. Locate point which represents fine fraction on plasticity chart. 


to secure representative and adequate soil 
samples. Those soil properties which may sig- 
nificantly affect construction are best deter- 
mined in the laboratory. On the basis of the re- 
sults of borings and soil tests, a soil profile is 
prepared. This profile shows the boundaries 
between different types of soil, the points 
where soil samples have been taken, and the 
position of the water table. Soil profiles are 
supported by accompanying reports amplify- 
ing the results of the soil tests. 


If the subsoil consists of a set of continuous 
strata with more or less constant thickness, a 
fairly accurate soil profile can be obtained by 
interconnecting the points at which the bound- 
aries have been revealed in the drill holes. If 
the subsoil consists of lense or band-shaped 
bodies of different soils, with short dimensions 
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in one or two horizontal directions, or if the 
strata have been distorted by the plowing ac- 
tion of an advancing ice sheet, the structural 
pattern of the mass of soil located between the 
drill holes can only be surmised through study- 
ing the strata’s geological history. 


If bodies of soil with an erratic structure 
are encountered, it is not uncommon that the 
differences between the boring records from 
two drill holes spaced 20 feet apart are greater 
than those from holes spaced 200 feet. In such 
instances, even an experienced geologist can 
make no better than a good guess as to the 
position of the geological boundaries between 
drill holes. Estimating costs of tunnels through 
bodies of soil with erratic structure should 
logically proceed from the most unfavorable 
conditions compatible with test boring records. 








boring and sampling 


In gravel or sand-gravel mixtures, borings 
are normally taken with a churn drill which 
breaks the largest cobbles into smaller frag- 
ments. During the boring operation, soil is 
taken from the hole by a bailer tube with a bot- 
tom flap-valve. The material brought to the 
surface in these tubes does not furnish reliable 
information on the grain size characteristics 
of the soil. The finer particles are likely to be 
washed out of the sample while the tube is 
hoisted from the hole. Therefore, it is neces- 
sary to obtain complete, representative samples 
in addition to the material brought to the sur- 
face in the bailer tube. 


If the size of the largest pieces of gravel 
does not exceed about 2 inches, adequate sam- 
ples can be obtained with a driver pipe. It 
is a sampling tube with a diameter of 2-1/2 
inches; above the cutting edge of the tube a 
ring with a semi-circular cross-section is 
welded into the inner wall of the tube. When 
the sampler is driven into the gravel and then 
pulled out, the gravel arches over the opening 
surrounded by thering and prevents the materi- 
al located above the ring from slipping out of 
the tube. 


Borings in sand are ordinarily made by the 
wash-boring method. The diameter of the cas- 
ing is usually 2-1/2 inches. The material 
washed out of the hole by the wash water does 
not reveal, to any degree, the nature of the soil 
located at the bottom of the drill hole. Thus, in 
sand, too, representative samples should be 
secured. The sampler used is a 12- or 16-inch 
section of 1-1/2 inch pipe with a beveled lower 
edge. This tube is driven into the bottom of the 
drill hole by means of a drop weight of 140 
pounds, freely falling a distance of 30 inches. 
After the sampler has penetrated about 6 
inches, the foreman counts the number of 
blows required to produce the next foot of pen- 
etration — a procedure known as the standard 
penetration test (see Table 2-6). Results of 


Table 2-6 


Relation between Relative Density and 
Results of Penetration Test 


No. of Blows Relative 
per Foot Density 
0— 4 Very Loose 
4 — 10 Loose 
10 — 30 Medium 
30 — 50 Dense — 
Over 50 Very Dense 


this test furnish at least approximate informa- 
tion regarding the relative density of the sand. 
Data used to evaluate relative density are 
shown in Table 2-6. After the sampling tube 
has been driven to a depth of about 16 inches 
in the soil, it is then hoisted out of the drill hole 
and its contents are transferred into a glass 
bottle. 


If the sample slips out of the sampling 
spoon, the operation should be repeated with a 
scraper tube, which is a tube equipped with a 
drive point at the lower end. The upper half of 
the tube is slit, and the outer lip of the slit is 
beveled to act as a cutting edge. The spoon is 
first driven into the sand and then turned 
clockwise; the sand accumulates first in the 
lower and then in the upper part of the tube. 


boring and sampling in cohesive soil 


Samples obtained from gravel or sand 
strata are used to derive information on the 
characteristics of the soil. Relative density is 
explored by tests similar to the standard pen- 
etration test. If clay strata are encountered, 
grain size becomes irrelevant. The samples, 
then, are useful in determining the unconfined 
compressive strength of the clay. This calls for 
a modification in the method of sampling. 


Experience tells us that even a slight defor- 
mation of a body of clay may substantially re- 
duce its unconfined compressive strength. Im- 
pact, such as that produced by driving a samp- 
ling tube into the clay, may have similar effects. 
The sampling operation in clay should be per- 
formed with thin-walled sampling tubes; these 
tubes should be pushed rapidly, not driven, 
into the clay and then immediately sealed 
when extracted. 


depth of bore holes 


Should the proposed tunnel be located in 
silt, the same methods of boring and sampling 
should be followed as for tunnels in clay. 


In any kind of ground, sampling operations 
delay the rate of boring. Soil samples should be 
kept to a minimum number but adequate to the 
purpose of the soil exploration. 


If a tunnel is located in cohesionless 
ground, tunneling conditions will depend to 
the greatest extent on the character of the 


material located in the immediate vicinity of 
the tunnel tube. If B is the width of the tunnel, 
the sampling operation should be started at an 
elevation B above the roof level of the tunnel 
and continued to a depth B below the bottom 
level. Within these limits one sample should be 
taken for every 5 feet of drill hole, but also as 
often as the drillman notices a conspicuous 
change in soil conditions. 


Tunneling conditions in clay or silt depend 
on the average shearing resistance of the entire 
mass of soil located above the tunnel. If a tun- 
nel with a width B is to be mined through clay 
or silt, the sampling operation should be started 
at the surface and continued to a depth B be- 
low the bottom of the tunnel. The maximum 
vertical spacing between samples should not 
exceed 5 feet. It is important to know whether 
the soil is fairly homogeneous or whether its 
character and consistency is likely to change 
abruptly. In cohesive soils, continuous samples 
for the full length of the hole should be secured 
from some of the drill holes. On the basis of 





these tests, physical soil profiles are prepared 
showing variations of significant soil proper- 
ties. 


spacing between bore holes 


Whatever the soil conditions may be, the 
customary spacing between drill holes is 200 
feet; closer spacing would hardly be economi- 
cal. Results of test borings spaced 200 feet may 
leave a wide margin for interpretation. In order 
to reduce uncertainties possible in the forma- 
tion of profiles, some of the drill holes should 
be supplemented with others placed at dis- 
tances of 20 feet. They furnish additional infor- 
mation about the character of soil conditions 
as well as important changes which may occur 
within short distances. If the results of two adja- 
cent borings are noticeably different, the engi- 
neer preparing the soil profile will not likely 
interpolate between drill holes spaced at 200 
feet. He will probably make a rough estimate 
of what the average and the worst tunneling 
conditions may be between drill holes. 
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Figure 2-4 Soil Profile Representing Variations in Stiffness of Clay along Tunnel Center Line 
Soil profile for one section of the Chicago Subway based 
on results of unconfined compression tests on continuous 
samples from drill holes. 
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misleading boring records 
and soil profiles 


Many engineers, unfortunately, fail to 
realize how unreliable a boring record can be, 
since there is no real method of boring and 
sampling that can specifically disclose the sig- 
nificant properties of ground surrounding a 
proposed tunnel. They also tend to overlook 
the fact that results of test borings may leave a 
wide margin for interpretation, even if the 
boring records are correct. 


Sequence and continuity of strata are at 
least as important as the character of the 
ground forming the strata. If a tunnel is to be 
built in coarse, water-bearing sand, requiring 
the use of compressed air, the loss of air de- 
pends, to a large extent, on the continuity of 
the sand stratum in a vertical direction. If the 
sand located between the roof of the tunnel 
and the water table is fairly homogeneous, loss 
of air will be excessive. If the sand deposit con- 
tains one or more continuous layers of silty 
sand, the loss of air will be moderate. 


Reliable information on the details of strat- 
ification can be obtained only by continuous 
coring in at least a few of the drill holes, and by 
supplementing test borings with penetrometer 
soundings. It is still widely believed that ade- 
quate data can be collected from wash borings, 
supplemented by the recovery of drive samples, 
spaced 5 feet vertically. However, in using this 
method, the presence of layers of silt or clay, 
even with a thickness of several feet, may es- 
cape the attention of the boring foreman. 


Misjudging the location of the lower bound- 
ary of a gravel stratum underlaid by very soft 
silt or clay can easily happen, also. If the casing 
is carelessly pushed down, the lower end of the 
casing may drive a plug of gravel into the un- 
derlying soft material, causing incorrect sam- 
ples to be taken in the plug. 


Inorganic silt is often mistaken for a soft 
clay. Correct identification of these materials 
is important. Soft clay in a tunnel assumes the 
character of squeezing ground; water-bearing 
silt constitutes flowing ground. 


After the borings are completed, a soil pro- 
file must be constructed to fill the gaps between 
drill holes. Often itis assumed that the different 
strata encountered in the drill holes are con- 
tinuous. Soil profiles constructed on this basis 
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are again misleading unless geologic conditions 
justify such an assumption. 


Because of the number and variety of er- 
rors which may enter into the development of 
soil profiles, no hard and fast rules for sub- 
soil exploration can be established. Reasonably 
sure results can be expected only if the engineer 
in charge of subsoil exploration is thoroughly 
familiar with the different techniques of boring 
and sampling, their shortcomings, and the fac- 
tors that determine behavior of ground in a 
tunnel. He should also possess at least a general 
knowledge of the geology of sedimentary de- 
posits. 


soil testing 


When soil samples are sent to the labora- 
tory, it is also necessary to decide which types 
of tests should be made to produce adequate 
advance information on the behavior of the 
soils in the tunnel. To assist the engineer in 
this task, Tables 2-1 to 2-7 have been prepared, 
with a paragraph under each outlining the in- 
formation required. 


Tests to determine the significant proper- 
ties of soils to be encountered during construc- 
tion of a proposed tunnel are very simple; a 
certain amount of equipment is required, and 
at least one technician. 


On large tunnel projects, such as subways, 
it is advisable to establish and operate a soil 
laboratory at the jobsite. Assigned personnel 
perform routine soils tests as well as plan and 
execute various field observations (of squeez- 
ing, for example), periodically measuring and 
recording loads on tunnel supports. On small 
tunnel jobs, it is better to assign responsibility 
for soil tests to a university soils laboratory or 
to a competent, privately-operated soils labora- 


tory. 
interpretation of test results 


After all the soil tests are performed and 
the records are prepared, tunneling conditions 
can be evaluated. At this stage the engineer 
may consider the general relationships shown 
in Tables 2-1 to 2-7 to his advantage. 


The results of these soil tests also furnish 
data needed to evaluate the load on temporary 
supports for tunnels in clay, as well as the al- 
lowable soil pressure for rib footings. 


Table 2-7 
Significant Properties of Clean Gravel and Sand 


> = greater than 


Grain Size Above Water Table 
Designation in mm. 
Gravel > 2.0 


(U* <3) and loose. 


(N** <10) materials with 
round grains run much 


more freely than well- 


Sandy gravel >02 graded (U>6) and 
dense (N >10) ones 

Coarse-to- 2.0 — 0.2 with angular grains. 

medium sand 

Very fine sand 0.1 — 0.05 Loose (N <10): 


cohesive-running 


(Quicksand) Dense (N >30): 
fast-raveling 
D 
"U = —° = Uniformity coefficient. 


Dio 


Running ground. Uniform Flowing conditions 


< smaller than 
Probable Behavior in Tunnel 
Below Water Table 
Free Air Compressed Air 


Running ground, 
excessive loss 
of air. 


combined with 
extremely heavy 
discharge of water. 


Flowing conditions 
combined with 
heavy discharge 

of water. 


Running or cohesive- 
running ground, 
heavy loss of air. 


Flowing ground. Fast-raveling 
ground, moderate 


loss of air. 


**N = Number of blows per foot of penetration in standard penetration test. 


Field Identification: Disintegrate completely upon drying. In uniform sand or gravel all particles are of 
approximately the same size. Grains of very fine sand can hardly be discerned with the naked eye. Coarser 
grains can be clearly seen. Well-graded sand or sandy gravel contains all sizes between large and small. Poorly- 
graded gravel is a gravel mixed with fine or medium sand, without any coarser sand. 


Laboratory Investigations: Mechanical analysis, examination with hand lens, record of prevalent shape of grains and 


of mineral composition. 


In evaluating loads, the average of the 
shearing resistance and the average of the un- 
confined compressive strength of the clay 
located between the spring line of the tunnel 
and the ground surface are used. Since the 
shearing resistance of natural soil strata in all 
probability will be different at varying depths, 
the values S and Qu can be determined by a 
process of averaging. Figure 2-5 illustrates this 
procedure. 


Figure 2-5a is a vertical section through 
one of the experimental tubes of the Chicago 
subway. To a depth of 11 feet below the street 
surface, the subsoil consists of a moist, almost 
cohesionless agglomeration of miscellaneous 
fill, fine sand, and silt with an average unit 
weight of 110 pounds per cubic foot. From the 
results of various experiments it is known that 
the horizontal pressure in such a stratum is, at 
any depth, roughly equal to 0.4 times the verti- 
cal pressure at the same depth. The total hori- 
zontal pressure Pp} on a vertical section through 
the cohesionless top stratum is equal to that 
exerted by a liquid with a unit weight 0.4 x 110 
= 44 pounds per cubic foot. 


Py = 1/2 x 44x 112 = 2,660 lbs. per sq. ft. 


The coefficient of internal friction of the 
material of the top stratum was estimated to be 
0.56. The total shearing resistance S along a 
vertical section through the top stratum is: 


S = 0.56 x 2660 = 1,490 lbs. per ft. 


The shearing resistance of cohesionless 
material increases as hydrostatic pressure, i.e., 
in simple proportion to the depth below the 
surface. In Figure 2-55 it is depicted by a tri- 
angle. 


Below a depth of 11 feet to a depth well 
below the level of the bottom of the tunnel, the 
subsoil consisted of clay. At any depth below 
the surface, the shearing resistance of the clay 
is roughly equal to one half of its unconfined 
compressive strength. Complete information 
on the strength of the clay was secured by test- 
ing every 6-inch section of a continuous set of 
Shelby tube samples from a drill hole located 
close to the experimental tube. By plotting one 
half of the unconfined compressive strength 
against depth, the resistance curve in Figure 
2-56 was obtained. The ordinates represent 
depth below the surface in feet, and the abscis- 
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Figure 2-5 Evaluation of Shearing Resistance of Overburden 
and of Clay on Both Sides of Tunnel 

(a) Shows cross-section through one of the tunnels on the the clay adjoining the vertical sides of the tunnel is indi- 
Chicago Subway. cated by the abscissas of the lower broken line S,. The 

bearing value for the clay at the tunnel bottom is deter- 
(b) The average shearing resistance S,, of the soil above mined by the shearing resistance S, of the clay located 
the spring line is represented by the abscissas and the immediately below the bottom and not by the average 
broken Line S,. The average shearing resistance S, of value So. 
sas the shearing resistance in tons per square At the level of the bottom of the tunnel the 
foot. unconfined compressive strength of the clay is 


2 x 0.25 = 0.5 tons per square foot. For the ulti- 
Through the process of averaging, the fol- mate bearing capacity of the rib footings this 
lowing values were obtained: between the gives: 
ground surface and the level of the spring line, 


at a depth of 34 feet, the average shearing re- 2.85 x 0.5 = 1.48 tons per sq. ft. 
sistance of the soil is approximately equal to 

0.25 tons per square foot; between the level of Very few published records of tunneling 
the spring line and that of the bottom of the operations contain adequate descriptions of 
tunnel, the average shearing resistance of the the soils and soil conditions actually encoun- 


clay is 0.6 tons per square foot. The average tered in tunnels. Data required to correlate re- 
compressive strength, qu is 2 x 0.6 = 1.2 tons sults of soil tests with the performance of soils 
per square foot. in tunnels are scarce. As the practice of soil ex- 
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ploration widens, the value of information de- 
rived will increase. Knowledge gained from 
competent soil investigations is important 
enough to justify the expense. 


observations in tunnels 
during construction 


The design of both temporary and perma- 
nent tunnel supports is based largely on experi- 
ence. No theoretical method of design of these 
structures deserves any serious attention un- 
less and until the approximate validity of con- 
clusions is confirmed by the results of observa- 
tions and measurements in tunnels. The tunnel 
engineer who is interested in advancing the 
tunneling art should compile and check his 
forecasts (or premonitions) of the rate of 
squeeze, the intensity of pressure on tunnel 
supports, and other significant phenomena 
against measurements taken during construc- 
tion. Findings should be collected and pub- 
lished to enhance the profession’s body of tun- 
neling knowledge. 


So far, relations among consistency, rate 
of squeeze, and load on tunnel supports are 
known only for the clays indicated by Line a b 
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Figure 2-5a. Consistency is determined by the 
unconfined compressive strength qu of undis- 
turbed or Shelby tube samples. 


The swelling capacity of heavily precom- 
pressed clays seems to depend chiefly on the 
type of clay mineral they contain. With increas- 
ing montmorillonite content, the swelling ca- 
pacity of clay increases. This is due.to the ex- 
ceptionally energetic chemical and electrical 
interaction between montmorillonite and the 
substances contained as impurities in the water. 


If a soft plastic paste is prepared with such 
pre-compressed clay, the shrinkage of the 
paste upon drying is conspicuous, and subse- 
quent wetting of the dried-out paste causes ex- 
cessive swelling. A clay with such properties is 
likely to have a high montmorillonite content 
and cause trouble by swelling. 


The chemical composition of montmoril- 
lonite is very similar to that of other clay min- 
erals such as kaolin, except the arrangement of 
the molecules in the crystal is very different. 
Montmorillonite content of clay can only be 
determined by an X-ray analysis, not a chemi- 
cal analysis. 

















Chapter 3 
Reaction of Ground 
to Tunneling Operations 


The average tunnel man rarely analyzes 
the causes of problems he confronts under- 
ground. Based on experience, he forecasts 
what the mining conditions on the job might 
be, and decides whether the tunnel will be lo- 
cated in good, bad, or very bad ground. If the 
tunnel can be safely excavated without fore- 
poling, the ground is considered to be good. 
If forepoling is required, the ground is thought 
to be bad; and if breasting is necessary, the 
ground is classed as very bad. 


As long as timber was the only construc- 
tion material used to hold the earth in tunnels, 
the preceding classification was satisfactory 
for most practical purposes. However, as soon 
as steel began to be used, the need became evi- 
dent to classify soils in tunnels by their behav- 
ior at the face and not by methods employed to 
advance the heading. It was learned, for ex- 
ample, that ground considered to be “bad” 
when employing timber for support might, in 
fact, be “good” when utilizing steel supports. 


behavior of ground at heading 
service periods 


It is customary in earth-tunnel jobs to 
concrete the invert as soon as feasible. Be- 
tween one day and two weeks after the con- 
creting of the invert, the arch is poured; and 
within less than two weeks after this pouring, 
the overmined spaces are grouted. 


The time which elapses between installing 
the footblocks for the ribs of the temporary 
support and concreting the invert will be desig- 
nated the footing-service period; the interval 
between the mining and the concreting of the 
arch will be termed the support-service period; 
and the time between the mining of the arch 
and the grouting of the overmined spaces will 
be called the void period, because as long as 
the overmined spaces are still open, ground has 
an opportunity to advance toward the tunnel. 


The footing-service period for arch-type 
support ranges between the extremes of eight 
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hours and three weeks, but it seldom exceeds 
four days. The support-service period ranges 
between 16 hours and three weeks, but seldom 
surpasses two weeks. The ground-movement 
period transcends the support-service period by 
a minimum of two days, but it seldom exceeds 
it by more than two weeks. 


Concerning the design of. temporary sup- 
ports, only the support-service period needs to 
be considered. On the other hand, the type of 
lagging and the method for installing lags have 
to be selected in anticipation of the behavior 
of the ground during the ground-movement 
period. 


ground behaviors 


According to its behavior within the 
ground-movement period, ground can be as- 
signed to one of the following categories: firm, 
raveling, running, flowing, squeezing or 
swelling. 


In firm ground, tunnels can be constructed 
without inducing perceptible ground move- 
ment of any kind. 


In raveling ground, chunks or flakes of soil 
begin to drop out of the roof at some point dur- 
ing the ground-movement period. 


In running ground, the removal of lateral 
support on any surface rising at an angle of 
more than about 34 degrees is immediately fol- 
lowed by a running movement of the soil parti- 
cles. This movement does not stop until the 
slope of the moving soil becomes roughly equal 
to 34 degrees. If running ground has a trace of 
cohesion, then the run is preceded by a brief 
period of progressive raveling. 


Flowing ground acts as a thick liquid and 
differs from running ground in that it invades 
the tunnel not only from above and from the 
sides, but also through the bottom. If the flow 
is not arrested, it continues until the tunnel is 
completely filled. 


Squeezing ground slowly advances into 
the tunnel without any signs of fracturing. Yet 








the loss of ground caused by squeeze and the 
resulting settlement of the ground surface can 
be substantial. 


Swelling ground slowly advances into the 
tunnel partly or chiefly because of an increase 
in the volume of the ground. 


Obviously, mining procedures and types 
of support are designed to eliminate or reduce 
these movements of ground into the tunnel. 


firm ground 


In firm ground, the arch can be concreted 
before the ground starts to move perceptibly. 
The time that elapses between mining and the 
concreting of the arch depends on the dimen- 
sions of the cross-section of the tunnel and on 
the organization of the job. In small tunnels, 
the minimum time lapse might be one day; in 
medium tunnels, two days; and in large tun- 
nels, three days — but it is usually longer. 


Once the arch is poured, the walls and the 
roof of the tunnel excavation are in contact 
with concrete, except for a narrow strip on the 
roof where the concrete settles away from the 
roof because of slumping. If the ground has not 
moved prior to pouring the concrete, it is un- 
likely that it will move between the time of con- 
creting and grouting because the width of the 
unsupported part of the roof is considerably 
smaller than the width of the tunnel. A firm 
ground can therefore be defined as a ground in 
which the roof section of a tunnel can be left 
unsupported for several days without inducing 
a perceptible movement of the ground. 


This category includes a great variety of 
soils intermediate between coarse-grained va- 
rieties, such as sand or sandy gravel with a 
clay binder, and extremely fined-grained soil 
such as stiff, intact clay. 


raveling ground 
stand-up time and stoping 


The term raveling ground is used to des- 
cribe a soil which gradually breaks up into 
chunks, flakes, or angular fragments. As time 
goes on, more and more fragments drop out of 
unsupported sections of the roof leaving a cavi- 
ty with increasing size. The time which elapses 
before this process starts is referred to as the 
stand-up time. Later in this chapter it will be 
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shown that the stand-up time of raveling 
ground increases with decreasing width of the 
unsupported section of ‘the roof. In other 
words, the smaller this width, the later the rav- 
eling process starts. Progressive disintegration 
of the unsupported part of a roof is known as 
stoping. 


If the temporary support is installed after 
a cavity has been formed by stoping, and if the 
roof level and the cavity is not backfilled, rav- 
eling proceeds until the cavity above the tem- 
porary support is filled with debris, as shown 
in Figure 3-la. The porosity of the debris is 
greater than that of the ground in its original 
state. The cavity is completely filled with de- 
bris as soon as the excess of the void space in 
the debris over the original void space becomes 
equal to the volume of the original cavity, and 
stoping temporarily halts. 


With time, the porosity of the debris de- 
creases because of percolating water and set- 
tlement under the influence of its own weight, 
whereupon stoping continues still higher. This 
may take several years. Yet the volume of voids 
in the debris never becomes as small as it was 
in its original state. Therefore, the process of 
stoping may end before it reaches the surface. 
On the other hand, if the initial cavity was 
very large, stoping may continue until it finally 
reaches the surface. In this event, a bowl- 
shaped depression develops on the surface of 
the ground, as shown in Figure 3-15. These 
cavities are known as sinkholes, and they may 
not show at the surface for many years or even 
decades. Good tunneling practice will incor- 
porate all possible measures to prevent this 
occurrence. 


slow and fast raveling ground 


Assuming that the tunnel is supported 
with steel sets only, the width of the unsup- 
ported roof section is equal to the space be- 
tween the steel sets. In raveling ground, spac- 
ing of sets has to be adapted to the stand-up — 
time of the ground, which, in turn, depends on 
the spacing, too. In any particular ground the 
stand-up time increases with decreasing spac- 
ing. 


However, in raveling ground, space be- 
tween ribs is usually supported by lagging or 
liner plates. 


Customarily, the largest spacing between 
centers of steel rib sets is 5 feet. The time re- 


Stoping Stops Here \ 


Roof of Cavity before \ 
~ Support is Installed \ 





Sinkhole 





Figure 3-1 Stoping in Raveling Ground 


At (a) the roof support was not installed until a small cavity 
had been formed by raveling. After the support was in- 
stalled, without packing, raveling continued. The raveled 
ground has more voids and occupies a larger space than 
before raveling. Stoping ceases when the increase of 
voids equals the volume of the original cavity. 


quired to excavate 5 feet of tunnel and install a 
rib set and lagging in a small tunnel is about 
6 hours. Therefore, if the stand-up time of a rav- 
eling ground is more than 6 hours, by using ribs 
and lagging the steel rib sets may be spaced on 
5-foot centers. Such a soil would be classed as 
slow-raveling. If the stand-up time is less than 
6 hours, set spacing must be reduced to 4 feet, 
3 feet, or even 2 feet. If the stand-up time is 
too short for these smaller spacings, liner 
plates should be used, either with or without 
rib sets, depending on the tunnel size. Such 
ground is called fast-raveling. 


In fast-raveling ground, forepoling may be 
used; even spiling may be necessary. These 


At (b) a large cavity was formed before support was in- 
stalled. Stoping progressed to the surface, as the increase 
in void volume was still smaller than the original cavity 
when raveling reached the surface. 


Stoping is associated with increasing load on the support. 
It can be avoided by packing when the support is installed. 


operations reduce the speed of advance and 
naturally increase costs. 


conditions for raveling 


Raveling is the most common form of 
ground behavior. If a ground has high cohesion, 
it is firm; and if it has no cohesion at all, it runs 
or flows. One of the conditions for raveling is 
moderate cohesion. The other is friable texture 
or the presence of a system of joints. If a soil 
with moderate cohesion is neither friable nor 
jointed, local removal of the soil support causes 
the soil above to squeeze into the tunnel instead 
of breaking into fragments. Joints dividing 
the soil into fragments may exist before the 
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excavation was made or may develop after ex- 
posure as a result of local overstressing, slak- 
ing, or desiccation. 


types and causes of raveling 


The most familiar raveling soils are fine, 
moist sand, sand-and-gravel mixtures contain- 
ing some silt or clay acting as a binder, and 
stiff, fissured clays. 


Moist sand owes its cohesion to the surface 
tension of the films of water which surround 
the points of contact between sand grains. 
Cohesion ceases to act as soon as the grains are 
pulled apart. Inthis case, the process ofraveling 
is normally followed by a run similar to onein 
cohesionless material. Similar conditions pre- 
vail in sand or sand-and-gravel containing a 
trace of silt or clay. This being so, these soils 
will be referred to as cohesive-running ground 
(which is intermediate between ‘raveling and 
running soils). Fine, moist beach sand located 
above the water table belongs in this category. 


Sand or sand-gravel mixtures with a clay 
binder obtain their cohesiveness from the 
strength of the binder. While the tunnel is 
being excavated, and the stresses in the sur- 
rounding soil relax, the clay binder is free to 
absorb moisture, which decreases its strength. 
If the soil is intact, it may nevertheless retain 
the character of firm ground. On the other 
hand, if it contains hair cracks, it may start to 
ravel a short time after exposure because the 
bond across the cracks is inadequate. 


In stiff, jointed clays, excavation opens the 
joints in the clay surrounding the tunnel. This 
is caused by relaxation of the stresses in the 
soil surrounding the tunnel; it can be aggra- 
vated by a tendency of the soil to swell. Water 
may gradually invade the joints, weakening 
the connections between fragments across 
them. Finally, the resistance to separation of 
adjacent fragments becomes smaller than the 
pull exerted by gravity, and the clay starts to 
ravel. If the clay is of the swelling type, the pro- 
cess of raveling is associated with and followed 
by a squeeze. Under these conditions, the min- 
ing process is determined by the raveling char- 
acteristics of the soil, whereas the strength of 
the support must be adapted to the squeezing 
or swelling characteristics. 


capillary action in raveling soils 


While a tunnel is being excavated, the soil 
exposed on the walls and the roof comes into 
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contact with air. From then on, the layer of soil 
constituting the exposed surface is acted upon 
not only by the force of gravity but also by cap- 
illary action, which can have a very important 
influence on the rate of raveling. 


The effect of capillary forces on raveling 
can be demonstrated by various experiments. 
The following is an example: a handful of saw- 
dust or rock flour is first saturated with water; 
then as much water as possible is squeezed out. 
While being squeezed, the material appears to 
acquire cohesion, and the originally cohesion- 
less material now forms a fairly solid chunk 
which can be placed intact on a table as shown 
in Figure 3-2a. 
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Figure 3-2 Experiment to Demonstrate the 
Effect of Capillary Pressure 


A ball is made of saturated sawdust or rock flour by 
squeezing as much water as possible out of it. The thin 
film of water coating the surface particles acts like arubber 
skin that holds the mass together as at (a). Evaporation 
causes the film to shrink, as indicated by the solid line. 
This is known as compression by dessication. 


If the ball is chilled in a moist atmosphere, moisture con- 
denses on the surface. As a consequence the film expands 
which allows the ball to slump as at (b). Finally the ball 
disintegrates by slaking. 


The reason for this apparent cohesion was 
found by research in physics more than a cen- 
tury ago. These early investigations ascer- 
tained that the thin film of water located at the 





outer boundary of the saturated chunk acts as 
a rubber skin that holds the solid particles to- 
gether. Pressure exerted by the skin on the par- 
ticles is known as capillary pressure. If water 
evaporates, the film contracts, causing the par- 
ticles to be pulled still closer together thereby 
making the chunk harder. Put another way, the 
chunk shrinks (solid line in Figure 3-2a). If this 
chunk is thereafter brought into contact with 
water by partial submersion in a shallow body 
of water, for instance, the chunk increases in 
size and finally disintegrates. This phenome- 
non is called slaking. 


Slaking is due to an increase in the water 
content of the chunk which, in turn, reduces 
and finally eliminates the capillary pressure on 
the aggregate which composes the chunk. The 
same result can be obtained by surrounding the 
chunk with moist air having a temperature 
higher than that of the chunk, as shown in Fig- 
ure 3-26. Here the chunk rests on top of an ice 
box which keeps its temperature below that of 
the surrounding moist air. Because of the dif- 
ference in temperatures, water vapor con- 
denses on the surface of the chunk, whereupon 
the capillary pressure on the chunk decreases, 
allowing the chunk to swell and finally to dis- 
integrate. 


effect of position of 
water table on raveling 


Changes in the soil after exposure of the 
ground to air in the tunnel depend on the posi- 
tion of the water table with reference to the 
tunnel. In tunnels located above the water 
table, the soil exposed in the tunnel is likely to 
dry out. In intact, raveling soils — such as dense, 
silty sand — desiccation increases cohesion and 
delays raveling. In fissured, raveling soils — 
such as stiff, fissured clay — desiccation in- 
creases the width of the cracks and conse- 
quently accelerates raveling. In such instances, 
the process of raveling can be delayed by spray- 
ing the exposed surface with a bituminous 
compound. 


Conversely, if a tunnel is located below 
the water table, water migrates toward the ex- 
posed surfaces from the adjoining ground and 
invades the voids of the soil next to these sur- 
faces. The cause of this is obvious. Before the 
tunnel is excavated, the soil surrounding the 
site of the tunnel is heavily compressed by the 
weight of the overburden. Excavation relieves 
the pressure in the exposed layer of soil. There- 
fore, the soil surrounding the tunnel tends to 
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expand, whereupon water is drawn or sucked 
into these expanding voids from soil located at 
a greater distance from the tunnel. This reac- 
tion corresponds in every respect to the expan- 
sion and subsequent disintegration of the 
chunk of compressed, moist sawdust or rock 
flour when it is partially submersed. 


This condition is aggravated by the fact 
that excavation increases the load on the soil 
located on either side of the tunnel for some 
distance from the tunnel walls. Water squeezed 
from the soil as the load increases seeps toward 
the tunnel and accelerates the process of ravel- 
ing. Temporary tunnel support should be in- 
stalled as rapidly as conditions permit. 


In a tunnel, raveling of the roof and the 
sides is associated with a softening of the bot- 
tom. The rate at which this happens increases 
with increasing permeability of the soil. It is 
lowest in stiff, fissured clay; and highest in 
raveling soils with a low clay content, espe- 
cially silt. For that reason, if the permeability 
of a water-bearing, raveling soil is relatively 
high, the bottom of the tunnel should be dried 
by using compressed air or drainage. If this 
cannot be done, a circular lining should be 
used, even though the bottom of the tunnel 
may seem to be firm immediately after excava- 
tion. 

arch and dome action 
in raveling soils 


If raveling ground is exposed at the roof of 
the tunnel, the first manifestation of raveling 
appears in the gradual disintegration and final 
breakdown of a mass of earth with the cross- 
section of a segment of a circle. The exposed 
area may have either the shape of a strip or the 
approximate shape of a square. In either case, 
the height of the segment which drops out of 
the roof is roughly equal to one-fourth of the 
shorter of the two dimensions of the area. 


In steel-supported tunnels, the exposed 
area most often takes the shape of a strip, 
which bridges the gap between the last steel 
set and the working face. The width of the strip 
is equal to the spacing b between the steel 
sets. The top surface of the segment which 
drops out of such a strip is roughly cylindrical, 
as shown in Figure 3-3a. The intensity of the 
force Pa per unit of area of the exposed part of 
the roof, which tends to pull the segment out of 
the roof, is approximately: 

b 1 wb 
Fi hae © 
where w is the unit weight of the soil. The 
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ground located above the segment is tempo- 
rarily held in place by arch action. 


Support on Two Sides 


(a) ee 





Figure 3-3 Arch and Dome Action 
in Raveling Ground 


The force which starts raveling is the weight of the earth 
located between the roof and the intrados of the ground 
arch. In arch action as at (a) the average weight of the 
segment of earth per unit of area of its base is about 50% 
greater than in dome action indicated at (b). Therefore 
below ground arches raveling begins earlier than be- 
neath ground domes. 


Figure 3-3b shows an exposed roof area 
with the shape of a square — width and length 
b — which forms the roof of a pocket. Such 
pockets may be excavated in steel-supported 
tunnels through fast-raveling ground for the 
purpose of installing half-size liner plates. The 
top surface of the segments that drop out ofthe 
exposed square area is curved in two direc- 
tions, and the weight of the segments, per unit 
of length, is roughly equal to two-thirds of 
weight per unit of length of strip-shaped seg- 
ments with equal width b: 





2 b 
Pd = -7 Pa Of Pd = i (3-2) 


The ground located above the segment is tem- 
porarily supported by dome action. 


Whatever may be the shape of the unsup- 
ported part of the roof, the time passing be- 
tween exposure and breakdown of the segment 
decreases with increasing intensity of the force 
which tends to pull down the segment. Equa- 
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tions (3-1) and (3-2) lead to the following con- 
clusions: 


(a) If a strip of the roof of a tunnel is ex- 
posed, the time at which raveling starts, ts 
(stand-up time), decreases with increasing 
width b of the strip. 


(b) If an exposed area supported on four 
sides and having the shape of a square of b by 
b starts to ravel at time tg, an exposed strip 
with the same width b starts to ravel at a time 
t, of about two-thirds of tą: 

ts = = ta or ta = 1.5 ts (3-3) 
In other words, at a given width of the unsup- 
ported area, the stand-up time of ground sup- 
ported by dome action is about 50 percent 
longer than that of ground supported by arch 
action. 


Before a segment drops out of the roof, it 
is held in place by the cohesion of the soil. After 
it has dropped, the soil above the curved sur- 
face of separation is temporarily or perma- 
nently sustained by dome or arch action. 


stand-up time of raveling ground 


Raveling ground has been defined as 
ground which starts to ravel within a few hours 
or days after exposure. However, the stand-up 
time of a soil depends not only on the proper- 
ties of the soil but also on the width of the roof 
section which has to be exposed before the sup- 
port can be placed. This statement is illustrated 
by Figure 3-4 which represents a vertical sec- 
tion through the center line of a tunnel in ravel- 
ing material such as fine sand with a trace of 
cohesion. 


In order to advance the heading shown in 
Figure 3-4, a small excavation is made immedi- 
ately below roof level to a distance b from the 
working face. If b is equal to 16 inches, it may 
take 15 minutes until the roof of the excavation 
starts to disintegrate. On the other hand, if b is 
equal to 48 inches, the roof may collapse be- 
fore the excavation can be finished because 
both the time required to make the excavation 
and the intensity of the stresses which tend to 
produce failure of the roof increase with the 
span b. The time between the start of excava- 
tion and the beginning of the breakdown of the 
roof represents the stand-up time fg. 


As a crude approximation, it can be as- 
sumed that the stand-up time of both square 
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Figure 3-4 Stand-up Time Varies Inversely as 
the Width of the Unsupported Roof 


As illustrated in the above sketch, the unit force pa, 
which causes raveling, increases with the width b of the 
excavated strip. Assuming that both strips could be ex- 
cavated instantaneously, the 48-inch strip would start to 
ravel in about one-third the stand-up time of the 16-inch 
strip. 


However, it takes four or five times as long to excavate 
the 48-inch strip, and during the excavation period the 
weight of the segment located beneath the ground arch 
steadily increases. Hence if the stand-up time (which is 
measured from the beginning of excavation) of a 16-inch 
strip were 15 minutes, it would probably be impossible 
to excavate to 48-inch before raveling started. 


and strip-shaped areas decreases with increas- 
ing values of the span 5b of the unsupported 
part of the roof per the simple equation 


R 
ts = E (3-4) 


where R is the stand-up time for an area with 
a similar shape and width b is equal to one 
foot, located on the roof of the same tunnel. 


unit stand-up time 


In tunnel practice the length of unsup- 
ported roof sections with a width b is common- 
ly greater than 2b; the sections therefore have 
the shape of a strip. The stand-up time (in min- 
utes) of a strip-shaped roof section with a 
width b of one foot and a length of two or more 
feet is referred to as unit stand-up time for 
raveling ground and is given the symbol Rs. 
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Based on the preceding equation, the stand-up 
time t, for strip-shaped areas with an arbitrary 
width b is nearly equal to 





tp = (3-5) 


The stand-up time tg for square areas with all- 
sided support and with a size b x b is about 50 
percent greater than t,. 


Unit stand-up time of ground has a direct 
influence on the cost of a tunnel through ravel- 
ing ground because it determines the most ex- 
pedient method to be used in excavating the 
tunnel. Therefore, preparation of cost esti- 
mates requires some knowledgeable informa- 
tion regarding the unit stand-up time of the 
ground through which the tunnel will be 
driven. 


If a tunnel is to be mined through water- 
bearing ground with little or no cohesion, or if 
no test pits are available, the unit stand-up 
time can only be judged on the basis of the soil 
properties disclosed by laboratory tests of drill 
samples. Test pits in ground with little or no co- 
hesion can be made at a reasonable cost above 
the water table only. Much greater depths are 
possible in cohesive ground. 


If test pits are available, a rough evaluation 
of the unit stand-up time R, can be made by ex- 
cavating a pocket in the walls of the pit similar 
to that shown in Figure 3-5. The roof of the 


Wood 





Test Pocket 1 Ft. Sq. 


Figure 3-5 Stand-up Time Test Pocket 


To determine the unit stand-up time of the ground through 
which a tunnel is to be driven, a unit pocket one foot 
square is excavated in the wall of a test pit at about the 
level of the crown of the future tunnel. The time that 
elapses from the start of excavation until the first ground 
drops out of the roof of this pocket is the unit stand-up 
time, Rs. 





pocket should be at approximately the level of 
the roof of the proposed tunnel, and at least six 
inches below the lower edge of the timbering of 
the pit. The roof of the test pocket is supported 
only on three sides, not on four. Therefore, its 
stand-up time is approximately equal to that of 
a strip-shaped area, one foot wide and two or 
more feet long and which is supported on all 
four sides. The time (in minutes) which elapses 
until the roof of the pocket starts to ravel can 
be assumed, without serious error, to be equal 
to the value R, of the unit stand-up time in 
Equation (3-5). 


classification of raveling ground 
based on unit stand-up time 


In Figure 3-6 the abscissas represent the 
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Width b in Inches of Excavation and Unsupported Roof 


Steel Rib Sets Spaced at 5 Feet 


stand-up time t; and the ordinates the width b 
of the unsupported roof section. In this dia- 
gram every raveling soil is represented by a hy- 
perbolic curve. 


If it is intended to support a tunnel by steel 
rib sets spaced 5 feet, the value b is 5 feet and 
the time t, needed to excavate 5 feet ahead 
and to install the set is at least 6 hours (360 
minutes). Introducing these values into Equa- 
tion (3-5) and solving for R,, we obtain 


R, = 360 x5 = 1800 Min. 
Therefore, the unit stand-up time as deter- 
mined by excavating a test pocket must be at 


least 1800 minutes or 30 hours. In Figure 3-6 
the soils with R, = 1800 minutes are indicated 
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Stand-up Time tẹ = Time Required for Mining and Support Erection Hours 
Figure 3-6 
Classification of ground on basis of unit stand-up time 
Rs equal to stand-up time of the roof of a test pocket one 
foot square. 








by the Curve C,. On this curve the abscissa of 
Point A is equal to the minimum stand-up time 
required for the installation of sets spaced 5 
feet apart. 


In order to reduce the required stand-up 
time to the minimum compatible with rib sup- 
ports, the sets are installed without any gaps 
between them. The width of each set is b = 10 
inches = 0.83 feet and the time ts required for 
excavation and installation is about two hours 
(or 120 minutes) for each set, corresponding to 
a value 


Rs = 120 x 0.83'= 100 Min. 


In Figure 3-6, the soils with a unit stand-up 
time of 100 minutes are depicted by the plain 
Curve C;, and the stand-up time of 120 minutes 
required to install the steel rib sets is indicated 
by the abscissa of Point B. If R,is shorter than 
100 minutes, the installation of supports re- 
quires forepoling. The Curve Cy represents the 
boundary between slow and fast-raveling and 
between “good” and “bad” ground. 


Forepoling operations increase the cost of 
mining considerably and reduce the rate of 
progress as well. However, forepoling can be 
avoided in all but running or flowing soils by 
using a technique known as unitary excava- 
tion. In this method, tunnel supports are steel 
plates known as liner plates. The length of 
each plate, measured in the direction of the 
tunnel, is 16 inches and the width is about 36 
inches. These plates are installed one after an- 
other all around the arch, each one in a pocket- 
shaped excavation similar to that shown in 
Figure 3-4. 


The time required to make one pocket, in- 
stall a liner plate, and bolt it to its neighbor or 
neighbors is about five minutes. The width 6 of 
the unsupported part of the roof is 16 inches or 
1.3 feet. Introducing these values into Equa- 
tion (3-5) we obtain for the required unit stand- 
up time 


R, = 13x65 = 7 Min. 


In Figure 3-6 the soils with Rs = 7 minutes are 
indicated by the Curve Cr. 


In all the fast-raveling soils with a unit 
stand-up time R, intermediate between 7 and 
100 minutes, tunneling with steel rib supports 
requires the slower process of forepoling. But if 
liner plates are used, tunnels through such soils 


33 


can be built even more rapidly than steel rib- 
supported tunnels in slowly raveling soils with 
a unit stand-up time R, of more than 100 min- 
utes. 


If the unit stand-up time R, of raveling 
ground is shorter than 7 minutes, the work- 
ing face is also likely to disintegrate or to cave 
in. In this case, breasting becomes necessary. 
Raveling soils with such a short stand-up time 
are better known as cohesive-running ground. 
The texture of material dropping or running 
into the tunnel may be lumpy or sugary. 


running ground 
properties of running ground 


Running ground is raveling ground with a 
unit stand-up time R, = 0. It may be said, con- 
versely, that raveling ground is running ground 
with a binder. 


As soon as lateral support of any face in 
running ground with a slope steeper than 
34 degrees is removed, the soil starts to run and 
does not stop until the slope angle becomes 
about equal to 34 degrees. Through openings in 
the roof, material flows like sand through the 
neck of an hourglass and the material collects 
an the bottom of the tunnel in a heap with 34-de- 
gree slopes. 


The capacity to run is limited to clean, 
coarse sand-and-gravel located above the water 
table. Very fine, moist sand located above the 
water table has the properties of cohesive-run- 
ning ground. Below the water table, any run- 
ning ground assumes the character of flowing 
ground, unless the flow of water into the tunnel 
is prevented by drainage or compressed air. 


difference between running 
and flowing ground 


Cohesionless soils, such as clean sand, 
may be found in either a running or a flowing 
state. If the tunnel is located above the water 
table or if the site of the tunnel has been 
drained, the soil may run; otherwise, it flows. 
The difference between these two conditions is 
so important (as well as fundamental) that it 
deserves the attention of every engineer en- 
gaged in tunnel construction. 


First of all, running ground ceases to run as 
soon as the slope of the cone of material — 








which accumulates in the tunnel below the dis- 
charge opening — becomes approximately equal 
to 34 degrees. Flowing material, however, in- 
vades the tunnel as a stream. 


Secondly, the effects of a run are not felt 
beyond a short distance from the working face, 
whereas the occurrence of a flow may have di- 
sastrous effects on the tunnel to a distance of 
several hundred feet back. 


Lastly, the bearing capacity of running 
ground is frequently high enough to permit the 
transfer of the roof load carried by temporary 
supports through ribs onto footings. But in 
flowing ground, installation of steel ribs with 
footing support is inconceivable simply be- 
cause the ground flows out from under the foot- 
ings and into the tunnel, causing the footings to 
sink into the ground. Ifa tunnel in such material 
is not supported by a tubular lining, it is neces- 
sary to line the bottom as well as the roof and 
the sides. The floor must be tight with the 
strength to withstand the tendency of the 
ground to heave. 


flowing ground 
tunnels in flowing ground 


A tunnel is said to be located in flowing 
ground if water and ground move into the tun- 
nel from all sides as well as the bottom. 


prerequisites for flowing condition 


Ground surrounding a tunnel cannot be 
classified as flowing ground unless water flows 
or seeps through it toward the tunnel. For this 
reason, a flowing condition is encountered only 
in free air tunnels below the water table or un- 
der compressed air when the pressure is not 
high enough in the tunnel to dry the bottom. A 
second prerequisite for flowing is low cohe- 
sion of soil. Therefore, conditions for flowing 
ground occur only in inorganic silt, fine silty 
sand, clean sand or gravel, or sand-and-gravel 
with some clay binder. Organic silt may be- 
have either as a flowing or as a very soft, 
Squeezing ground. The tendency of such silt to 
flow increases with decreasing grain size. 


Even the most experienced can mistake 
silt for clay. Soft organic silt is commonly 
known as muck, dock mud, or river bed ooze. 
Inorganic silts are also named rock flour or, in 
the district of New York, bull’s liver. Very fine, 
saturated sand is frequently called quicksand. 
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behavior of flowing ground 


The behavior of flowing ground in tunnels 
depends on the cohesion and permeability of 
the ground and on the hydrostatic head of the 
ground water. 


Sand-and-gravel with a clay binder teeters 
on the borderline between flowing and ravel- 
ing. If the permeability of a sand of any kind is 
low because of an admixture of clay, there is, 
first, a “sweating” of the walls, followed by 
visible seepage, and then the formation of 
small springs. Concurrently, the ground gets 
softer. As time goes on, these springs wash 
more and more ground into the tunnel, which is 
followed by masses falling from the roof or 
sluffing off the face. So a raveling condition 
develops in which the rate of stoping and sluff- 
ing is highly accelerated. If the clay content is 
very low, this raveling assumes the character 
of a flow. In either case, the bottom gradually 
softens, destroying its capacity to carry loads 
on footings. 


In clean, coarse sand-and-gravel, a mixture 
of water and solid rushes into the tunnel. Sand 
with a high silt content extrudes into the tun- 
nel less rapidly. 


Soft, organic silt invades the tunnel rather 
slowly, and the cross-section of the bodies of 
silt which extrudes into the tunnel (for in- 
stance, through openings in the linings) retains 
the shape of the openings (due to cohesion of 
the silt). Probably the most exasperating com- 
plications for the builder develop in very fine, 
silty sand or silt with a trace of clay. These soils 
combine the qualities of very low cohesion 
with very low internal friction, with the clay 
acting as a lubricant. In free-air tunnels 
through such ground, the working face can be 
exposed only a small section at a time. The 
soil extrudes or squirts into the tunnel through 
every nail hole and every joint between boards 
until the openings are plugged (usually with 
hay). Becausé of these difficulties and other 
hazards inherent in tunneling, even through 
coarse-grained, flowing ground, tunnels 
through flowing ground are almost invariably 
constructed under compressed air — and quite 
often in conjunction with a shield. Compressed 
air changes flowing ground into running, rav- 
eling, or squeezing ground as described below. 
Coarse-grained, flowing ground, such as sandy 
gravel or clean sand, can be transformed into 
running or cohesive-running ground by either 
compressed air or drainage. 


effect of compressed air 
on flowing ground 


If a tunnel in flowing ground is filled with 
compressed air under a pressure equal to that 
of the pressure in the pore water of the soil 
located at the level of the bottom of the tunnel, 
the soil surrounding the tunnel assumes a dif- 
ferent character. 


Organic silt turns into a squeezing ground 
with the consistency of a soft clay. 


Inorganic silt, bull’s liver, rock flour, quick- 
sand, and fine, siltysand becomeraveling soils. 
Their unit stand-up time in a compressed-air 
tunnel depends on grain size, cohesion, and air 
pressure. Fine sand assumes the character 
of a cohesive-running ground. Coarse sand- 
and-gravel assumes the character of running 
ground. 


If the air pressure required cannot be main- 
tained because of excessive air leakage, efforts 
are made to keep the air pressure at least equal 
to the pressure in the pore water at mid-height 
of the tunnel. After the heading is advanced 
above this level over a distance corresponding 
to several mining cycles, the exposed surfaces 
of the adjoining soil are “mudded,” that is, 
plastered with clay to eliminate air leakage 
above mid-height. Then the air pressure is in- 
creased to dry up the bottom after which the 
mining cycle is continued to completion. 


In some tunnels, the arch is concreted in 
the top heading before the lower half of the 
tunnel is mined. Then the face of the top head- 
ing is mud-plastered and the air pressure in- 
creased to dry up the bench before advancing 
the bench excavation. Since the front end of 
the arch is always kept well ahead of the bench 
excavation, the arch will bridge the gap be- 
tween the finished concrete lining and the 
lower working face. This is known as the flying 
arch method. 


If the high permeability of the ground even 
precludes the use of the flying arch method, 
there are other possibilities to be considered: 
drainage of the site by means of well points; 
well-point drainage combined with air under 
as much pressure as the ground can hold; and 
finally, the shield method together with com- 
pressed air. The first method is the cheapest 
and the third one is generally the most expen- 
sive. However, the length of a tunnel can 
change the ratio of costs. 
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squeezing ground 


Squeezing ground conditions are encoun- 
tered only in soft and medium clay. The term 
Squeeze implies that all the exposed surfaces, 
such as the working face and the unsupported 
part of the roof, advance towards the tunnel 
slowly but continuously. In order to appreciate 
the nature of this movement, it is necessary to 
weigh the effect of mining operations on stress 
conditions in ground surrounding the tunnel. 


If a tunnel is mined through any kind of 
ground by almost any method other than 
shoving a shield, excavation involves the re- 
moval of the lateral support of the block of soil 
located ahead of the working face. Some ex- 
ceptions are tight faceboards when properly 
installed, or air pressure on a clay face. Be- 
fore removal of the lateral support, the block 
carries the full weight of the soil located above 
it. During its removal, part of the weight of the 
overburden is temporarily transferred by dome 
action onto the surrounding soil, except in the 
case of soft clay. The balance serves as a load 
on the block. This load, supplemented by the 
weight of the soil contained in the block itself, 
tends to crush the block and cause it to bulge 
into the tunnel, unless the block is strong 
enough to withstand these loads. 


Removal of the lateral support causes at 
least a slight compression of the block in a ver- 
tical direction, combined with an equally slight 
bulging of the unsupported side of the block 
towards the tunnel. This semi-elastic deforma- 
tion of the block is an inevitable consequence 
of the change that mining operations produce 
in the state of stress in the ground. Because of 
this change, the volume of ground which is re- 
moved from the tunnel is at least slightly great- 
er than the volume occupied by the tunnel 
tube. Stated a different way, every tunneling 
operation causes a certain amount of loss of 
ground which, in turn, is associated with a pos- 
sible subsidence of the ground surface. 


In firm and slowly raveling ground, the 
loss of ground from semi-elastic deformation is 
imperceptible. The practical consequences of 
the corresponding settlement of the ground 
surface are no more serious than those of the 
inevitable settlement of a structure on a solid 
foundation. 


In running or flowing ground, the mere 
weight of the soil located ahead of the working 
face, unaided by the weight of the overburden, 











is sufficient to cause the working face to cave 
in. This causes the soil located above the block 
to rush into the tunnel. In tunneling through 
such soils, it is necessary to remove the natural 
lateral support in small increments and to re- 
place it immediately by an artificial one con- 
sisting of breast boards. Even if this work is 
done by skilled miners, the semi-elastic defor- 
mation of the block is accompanied by much 
more important deformation caused by the 
flow of soil toward exposed surfaces. It there- 
fore can be most difficult, and sometimes im- 
possible, to prevent sizable and objectionable 
settlement of the ground surface above free-air 
tunnels through running or flowing ground. 


In free-air tunnels through clay, the type of 
deformation of the block of clay located ahead 
of the working face is contingent on the cohe- 
sion of the clay, the dimensions of the cross- 
section of the tunnel, and the depth of over- 
burden. 


If the block is sufficiently strong to carry 
more than twice the load acting on it, the 
block undergoes semi-elastic deformation ex- 
clusively. While the lateral support is being re- 
moved, the clay bulges toward the tunnel, but 
this movement stops almost completely as 
soon as mining is discontinued. The resulting 
settlement of the ground surface is likely to be 
perceptible but usually stays within tolerable 
limits. 


Viewed another way, if the load on the 
block measurably exceeds one-half of the load- 
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carrying capacity of the block, semi-elastic de- 
formation of the block is followed by a shorten- 
ing of the block at a constänt rate which forces 
the clay to move steadily into the tunnel. If 
mining is stopped, the clay continues to move. 
This movement is called squeeze. Loss of 
ground from squeeze can be an important fac- 
tor in the mining operation. 


Yet, even if excess excavation amounts to 
30 or 40 percent, this loss of ground probably 
will escape the miner’s attention because the 
advance of the unsupported face toward the 
tunnel cannot be readily noticed without mea- 
suring instruments. 


Squeeze phenomena are encountered in 
soft and medium clay and in very fine-grained, 
organic silt. In the tunnel man’s language such 
clays are termed knife clay. Causes of this 
squeezing condition and factors which deter- 
mine the rate of squeeze will be discussed in 
the following chapter. 


swelling ground 


The term swelling ground is used for those 
categories of stiff clay that expand as soon as 
they are exposed in the tunnel. The volume in- 
crease 1s in response to an increase of water 
content. In every other respect, swelling 
ground in a tunnel behaves like a stiff, non- 
squeezing or slowly squeezing, non-swelling 
clay. The causes of expansion and the practi- 
cal consequences of swelling are discussed at 
the end of the next chapter. 


Chapter 4 
Mechanics of Squeezing 
and Swelling 


causes of squeeze 


Figure 4-la represents a vertical section 
through the center line of a tunnel being exca- 
vated in soft clay. As the heading approaches 
position ef, the block of clay efgh gradually 
loses its lateral support. At the beginning of 
this process, the horizontal section eh carries 
the entire weight of the prism of clay ache lo- 
cated above, plus the downward drag produced 
by the settlement of the clay located back of ea 
which had been previously undermined. As the 
working face approaches position ef, the clay 
ahead of ef is compressed in a vertical direction, 
while in a horizontal direction, the face bulges 


Settlement 
a AS un m — — + — — — 
SW ZWE =h INT 
e! a | 


AN 


Zone of \ 
Maximum Shear \ 


Vertical Section (a) 





toward the tunnel inasmuch as its lateral sup- 
port is progressively reduced by the approach- 
ing excavation. 


Vertical compression of the block of clay 
adjoining ef involves a downward movement of 
the clay located above eh. This downward 
movement is resisted by shearing stresses 
along the outer boundaries ch of the subsiding 
mass; it also eliminates the downward drag on 
ae. These shearing stresses restrain this move- 
ment by transferring some part of the weight 
of the subsiding mass of clay onto the sur- 
rounding masses. Thus, the load on eh is par- 
tially relieved. Transference of this load may 


Horizontal Section (b) 


Figure 4-1 Squeeze in a Clay Tunnel 


The block of clay efgh carries the weight of the prism of 
clay located above eh. When the tunnel arrives at ef 
the block is no longer confined. It bulges into the tunnel 
and the prism subsides. In so doing, it mobilizes the 
shearing strength of the clay at its lateral and forward 
boundaries and transfers part of its weight to the sur- 
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rounding ground by half-dome action. 

If the strength of the clay in the block is at least twice 

as great as the restrained weight of the prism, no further 

bulging occurs. If the strength is less than twice, the face 
continues to bulge into the tunnel. This continued bulging 

is called the squeeze. 








be called a half-dome action. Because of this 
action, the block of clay adjoining the working 
face ef has to carry only the difference P, be- 
tween the total weight ofthe clay located above 
eh and that part of the weight which is trans- 
ferred (by half-dome action) onto the surround- 
ing soil. 


To create half-dome action, a downward 
movement of the clay is essential to mobilize 
the shearing forces which produce this action. 
For this reason, it is impossible to excavate a 
tunnel in medium or soft clay by hand-mining 
— especially in free air — without a noticeable 
amount of surface settlement due to loss of 
ground. This settlement results from the semi- 
elastic compression of the block of clay adjoin- 
ing the working face. If the load on this block 
is high, the settlement is further increased 
by creep of the clay, which in turn, causes 
squeeze. 


The squeeze of clay can be compared to the 
flow of a plastic material, such as asphalt, un- 
der a superimposed load. If the load is doubled, 
the rate of flow is also doubled. Hence, the 
clay’s rate of squeeze into a tunnel increases 
with the driving force. The driving force is 
equal to the weight of the prism of clay located 
above eh reduced by that part of it which is 
carried by half-dome action. The resistance 
opposed to the driving force is a function of the 
unconfined compressive strength qu of the clay 


located below eh and ahead of ef. Squeeze 
starts as soon as the driving force surpasses a 
certain fraction of the available resistance. 
From then on, the rate of squeeze increases 
with the increasing driving force. 


behavior of unconfined 
clay under load 


Squeeze is created by progressive deforma- 
tion of the laterally unconfined block of clay lo- 
cated ahead of the working face. The rate of 
deformation depends on the ratio between the 
effective load (driving force) acting on the 
block and the unconfined compressive strength 
Qu of the clay. 


The term unconfined compressive strength 
Qu indicates the load per unit of area at which 
an unconfined clay specimen fails by bulging, 
shearing, or both. The value q„ of squeezing 
clays ranges between less than 0.25 tons per 
square foot for extremely soft clays and about 
1.0 ton per square foot for clays classed be- 
tween medium and stiff. Table 4-1 contains 
helpful information to make an approximate 
estimate of the value qu of a clay exposed ina 
tunnel from penetration tests made with a fist 
or thumb without the aid of tools. 


In the laboratory, the value qu can be ac- 
curately determined by means of unconfined 
compression tests on cylindrical or prismatic 


Table 4-1 
Field Method for Estimating Unconfined Compressive Strength gu of Clay 


Drillman’s Miner's 
Designation Designation 
Very Soft Knife Clay 
(hand) 
Soft Knife Clay 
(hand) 
Medium Knife Clay 


(hand or power) 


Stiff Power Knife 
or Spade 
Very Stiff Spade 
Hard Spade 


Result of Improvised 


Penetration Test Value of qu 
in Tunnel in Tons per Sq. Ft. 
Easily penetrated 0.25 or less 


several inches by fist. 


Easily penetrated 0.25 to 0.50 
several inches by thumb. 


Can be penetrated 0.50 to 1.00 
several inches by thumb 
with moderate effort. 


Readily indented with 1.00 to 2.00 
thumb but penetrated 
only with great effort. 


Readily indented with 2.00 to 4.00 
thumbnail. 

Indented with 4.00 or more 
difficulty with 

thumbnail. 
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specimens of undisturbed clay. The height of 
the specimen should be equal to about twice 
its diameter. The load on the specimen is en- 
larged by increments, and the corresponding 
vertical shortening is measured. The results of 
such a test are shown in Figure 4-2. 









Vertical Strain = Unit Shortening 


If the load is increased to a value qo greater 
than 5 ‚the height of the specimen also 
shortens, again at a decreasing rate, but ulti- 
mately the rate becomes uniform. Shortening 
of the specimen does not stop, although the 
unit load remains unchanged. Eventually the 





No Creep 





Failure 


(e) 


Figure 4-2 Unconfined Compression Test on Clay Specimen 


When an unconfined cylinder of clay is charged with a 
load q, of less than half its unconfined strength, it 
shortens rapidly at first, then more slowly until after 
a time t,, no further shortening occurs. 


If the load q, is greater than half of the unconfined com- 
pressive strength of the specimen, the height of the 
specimen shortens rapidly at first then more slowly until 


In the diagram Figure 4-25, the abscissas 
signify the vertical load per unit of area, and 
the ordinates show the corresponding vertical 
unit strain (vertical shortening divided by the 
original height of the specimen). If the load is 
increased to q,, which is considerably smaller 
than %_ and then kept unchanged, the height 
of the specimen shortens, but at a decreasing 
rate, and finally the shortening stops, as shown 
in Figure 4-2c. No further shortening takes 
place until the load is increased. 





at a time t, the rate of shortening becomes constant. The 
clay is said to “creep” and the shortening continues 
to ultimate failure. 


When the load is equal to the unconfined compressive 
strength qu, shortening occurs at an accelerating rate 
and the specimen soon fails. 


sample flattens out — a phenomenon known as 
creep. In Figure 4-2d creep is indicated by the 
merging of the time-strain curve into an in- 
clined tangent. 


As the load on the specimen is further in- 
creased, the rate of creep also increases. When 
the unit load on the specimen becomes equal to 
Qu, the height of the sample decreases at a very 
rapid and accelerating rate (Figure 4-2e), and 
the specimen is said to fail. This value q,, repre- 
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sents the unconfined compressive strength. 


evaluation of net driving force 
producing squeeze 


The gross driving force which tends to 
squeeze the clay into a tunnel is equal to the 
weight of the prism of clay located above eh 
(Figure 4-1). This force is partially counter- 
acted at the forward and lateral boundaries of 
the prism by shearing resistance which opposes 
the downward movement of the prism. If the 
soil located above eh consists partly or wholly 
of sand, the average shearing resistance s per 
unit of area of the vertical boundaries relies not 
only on the character of the soil strata but also 
on the depth of the overburden. 


If eh is overlaid by clay only, the unit 
shearing resistance s is independent of the 
depth of overburden and roughly equal to one- 
half the average unconfined compressive 
strength of the clay, 

s = -7 u (4-1) 

In Figure 4-la, the forward boundary of the 
body of clay which moves downward toward 
the heading is indicated by the dash line cf. In 
plan it is curved and extends backward as far 
as a vertical plane through go ho (Figure 4-1b). 
The force producing the flow of clay downward 
is partly counteracted by resistance to sliding 
along this boundary. 


To arrive at a rough estimate of the aver- 
age unit pressure Pr exerted on the top of the 
block efgh, it will be assumed that the move- 
ment occurs above the level of the roof of the 
tunnel along a vertical surface through go gı hı 
hə (Figure 4-15). The vertical section through 
this surface is indicated by the line e’ h. The 
area of the horizontal cross-section through the 
subsiding body is 


t H 
Ac = B Hi + 1/2 r H2 = B H(1 a ) 4-2) 
The weight of the prism, with unit weight w, is 


zu) (48) 


The area of the vertical boundaries between 
the moving prism and the stationary surround- 
ing ground is 


Ay = H(B+ rh) = HH (+e) 44) 





W=wA,H =wBH;H (1+ 


Resistance to downward movement of the 
prism along its vertical outer boundaries is 
equal to the average shearing resistance of the 
soil located above the level of the roof, which is 
equal to s per unit of vertical area. Hence, the 
effective load pr per unit area of eh is 


B 
"AT U y Rte 
Pr (2) H (u -T Tar)“ 5) 
The pressure p, will be referred to as the 
restrained overburden pressure for free-air 
tunnels. It represents the net driving force.! 
This force acts in a vertical direction on the 
block of clay located immediately ahead of the 
working face ef. At the working face, the block 


is unconfined; therefore, the block is free to 
bulge into the tunnel. 


rate of squeeze 


factors determining rate of squeeze 


Rate of squeeze is determined by the ratio 
between the force pp, which tends to squeeze 
the block of clay located ahead of the working 
face into the tunnel, and the unconfined com- 
pressive strength gq, of the clay contained in 
that block (and which opposes this tendency). 
The ratio, expressed as a percentage, 


B 
3.14 + — 
L-- 100 Pr_-10 E f w EA | (4-6 
’ qu qu ( B1+157 Hı 
B 


will be designated as the load ratio. It repre- 
sents the driving force in percent of the resis- 
tance qu and determines the rate of squeeze. 
The influence of load ratio on the rate of 
squeeze is illustrated in Figure 4-3. 


The graph in Figure 4-3 indicates the rela- 
tion between time and movement of the clay as 
shown in Figure 4-1. Let us assume that excava- 
tion proceeds very rapidly towards the profile 
ef in Figure 4-1, and then mining is discontin- 
ued. In the diagram (Figure 4-3), the abscissa 
represent time and the ordinates represent the 
distance which a Point p, located in the central 
part of the profile ef, has moved from its origi- 
nal position toward the tunnel. 


Time zero corresponds to the time at which 
mining operations arrive at profile ef. The dis- 
placement of Point p which occurs prior to time 
zero, is indicated by a dash line. Since excava- 
tion proceeds very rapidly towards ef, the 
movement as represented by the dash line is 


'The pressure due to the weight of the block itself should be added to the pressure pr, since a big block consisting of soft clay is likely 
to fail under the influence of its own weight. The height ot the working face, even in large tunnels, hardly exceeds 8 or 10 feet, since in such 
tunnels the clay is excavated in benches. Therefore, the pressure exerted by the weight of the clay located below the elevation of eh 


can safely be disregarded. 
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No Squeeze 


Figure 4-3 Time — Squeeze Curves in Clay 


Tunnel is advanced to a Point 0 and work stopped. 


Curve C,: Restrained overburden pressure pp is less 
than 50% of the unconfined compressive strength q,, of 
the clay at the tunnel face. The face bulges in slightly and 
after a time 0, all movement stops. Semi-elastic yield of 
the clay. 


Curve C,: Restrained overburden pressure p, is greater 
than 50% of q,, but less than q,,. The face squeezes into 


almost completely the result of semi-elastic de- 
formation. In turn, this movement mobilizes 
the shearing resistance of the clay along the 
outer boundaries of the subsiding prism aehc. 
At time zero the block efgh will be acted upon 
only by the restrained overburden pressure. 


The average slope of the dash line depends 
on the rate of progress of excavation, but the 
ordinate of these lines indicating time is almost 
independent of this rate. This is because semi- 
elastic deformations occur almost simultane- 
ously with the change in stress. The displace- 
ment at time zero (ordinate for time zero) and 
the slope of the adjoining line depend on the 
ratio L, Equation (4-6). 


If the load ratio is smaller than about 50 
percent, the clay ahead of the working face ef 
deforms under the influence of the net driving 
force. As soon as mining is discontinued (time 
zero), the position of the working face remains 
almost unchanged, as indicated by the Curve 
C; in Figure 4-3. 


the tunnel at a slow rate and continues to squeeze until 
some restraint is applied. Squeeze. 


Curve C;: Restrained overburden pressure pp is equal to 
or greater than qu. The face squeezes into the tunnel 
faster than it can be mined. Compressed air must be used 
which has the effect of reducing p, to a value low enough 
to obtain relationships expressed by curves approximating 
C, or Co. 


As the load ratio L, approaches a value of 
about 50 percent, displacement due to semi- 
elastic deformation increases and may attain 
a value of several inches. When mining is dis- 
continued, the movement of the working face 
becomes imperceptible. 


If the load ratio L, is greater than 50 per- 
cent, the clay located ahead of the working 
face deforms. Under such a load, the semi- 
elastic deformation of the specimen causes 
creep, which is followed by a progressive short- 
ening at a constant rate. Shutdown of the min- 
ing operation at position ef is followed by an 
inward movement of the working face at a very 
slow, but constant rate (Curve Cain Figure 4-3). 


If the load ratio L, is equal to or greater 
than 100 percent, the clay is likely to squeeze 
or flow into the tunnel at a higher rate than the 
rate of excavation (Curve C3 in Figure 4-3). 
Formation of a sinkhole on the ground surface 
above the seat of the squeeze usually results. 
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It should be noted that Equation (4-6) not 
only contains the constants w, Qu and s, but 
also the values B and H;, which can be quite 
different for two different tunnels located in 
the same bed of clay. The rate of squeeze de- 
pends on the nature of the clay and also, toa 
large extent, on the dimensions of the cross- 
section of the tunnel. 


numerical example 


The following example illustrates the pre- 
ceding premise. Two tunnels are located ata 
depth H = 50 feet below the surface of a homo- 
geneous stratum of medium clay. The unit 
weight w of this clay is 120 lbs. per cu. ft. and 
the average unconfined compressive strength 
Qu of the clay is 0.7 tons per sq. ft., or 1400 
lbs. per sq. ft. 


The width B of one of the two tunnels is 
10 feet and the height H; is 10 feet. Introduc- 
ing the values H = 50 feet, B = H; = 10 feet, w = 
120 lbs. per cu. ft. and s = 700 lbs. per sq. ft. 
into Equation (4-5), we obtain 


10 
SE En a A 
=5 a n O y b 
Pr = 50 (20 10 14187 10 400 lbs. 
0 per sq. ft. 


The corresponding load ratio L,, Equation (4-6) 
is 

400 
1400 
Since the load ratio is equal to 28.5%, there will 
be no squeeze; moreover, the loss of ground re- 
sulting from semi-elastic deformation will be 
very small. 


L, = 100 





= 28.57, 


If the tunnel through the same clay is 20 
feet high and 20 feet wide, we obtain from the 
same Equation (4-5) the value 


21 4 20 
Pr = 50 (12 “ey TEL 20 ) = 3200 lbs. 
-20 per sq. ft. 


The corresponding load ratio is obtained from 
Equation (4-6) 


3200 
L, = 100 00 = 228% 


Since the load ratio is greater than 100 percent, 


the clay would squeeze into the tunnel at a 
rapid rate, indicated by Curve C3 in Figure 4-3. 





This numerical example demonstrates that 
conclusions based on experience with squeeze 
in small tunnels are not applicable to conditions 
encountered in large tunnels through the same 
clay. 


means for reducing rate of squeeze 


Where a shield is not used, large tunnels 
are most often excavated by the heading-and- 
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bench method. Here the working face of the 
upper part of the tunnel is maintained a con- 
siderable distance ahead of that for the lower 
part. The upper and the lower working faces 
are separated from each other by a broad 
bench. Because of this bench, loss of ground 
in such tunnels is notably smaller than in tun- 
nels with an unbroken vertical working face, 
such as ef in Figure 4-1. An even larger reduc- 
tion in the rate of squeeze can be attained by 
using compressed air. If these procedures still 
cannot be expected to reduce the rate of 
squeeze, to an acceptable value, it becomes 
necessary to combine compressed air with a 


shield. 


effect of compressed air 
on rate of squeeze 


In the caption for Equation (4-6) it was 
stated that the rate of squeeze relies on the 
value of the load ratio 


B 
Sia 4. 
be = 106-28 a ME f yp- + 
qu qu B1+157H 
B 


In this equation the item wH represents the 
weight of soil located above the level of the 
roof, per unit of area of the roof. Ifthe tunnel is 
filled with compressed air under a pressure pe 
(lbs. per sq. ft.), both the roof and the working 
face are acted upon by pc. The air pressure pe 
acting on the working face counter-balances a 
part of the driving force equal to p. per unit of 


area. The load ratio assumes the value: (4-7) 
—p 100 3.144 B 
L..=10 PR -f » H Pe sH H; ) 
Qu qw 


=B 1+157H;, 
B 
If the height of the tunnel H; is equal to 


the width B, 
100 


u 


sH 


B (4-8) 


Lre 





wH —pe—1.6 


These equations can be used to estimate 
the minimum air pressure needed to prevent a 
prohibitive rate of squeeze. 


For the 20 by 20 foot tunnel given as a ref- 
erence in the preceding numerical example, 
the restrained overburden pressure pr is 3200 
lbs. per sq. ft., and the corresponding load ratio 
is 228 percent. In order to prevent a squeeze of 
enormous dimensions, the load ratio must be 
reduced to less than 100 percent. Introducing 
into Equation (4-8) the values L,e = 80%, w = 
120 lbs. per cu. ft., H: = 20 ft., B = 20 ft., qw = 
1400 lbs. per sq. ft., and s = 700 lbs. per sq. ft., 


100 50 x 700 


80 = -7400 20 





( 220 x 50 — pe — 1.6 


Pc = 2080 lbs. per sq. ft. = 15 lbs. per sq. in. In 
order to entirely eliminate squeeze, it would be 
necessary to reduce the load ratio to about 50 
percent. Such a reduction could be produced 
by an air pressure of about 2500 lbs. per sq. ft. 
or 17 lbs. per sq. in. 


practical implications of squeeze 


loss of ground and settlement 


There are two practical implications of 
squeeze: loss of ground and settlement of the 
ground surface. 


Loss of ground is due to a slow but steady 
advancement of the clay into the tunnel, in- 
creasing the total volume which has to be re- 
moved from the tunnel. It is expressed in per- 
cent of the total volume occupied by the tunnel 
tube. 


Since the volume of clay is practically un- 
affected by the tunneling operation, loss of 
ground is invariably linked to settlement of the 
ground surface. In open country, it is almost ir- 
relevant except in those places where the tun- 
nel is located beneath a railroad, a principal 
highway, or buildings. In cities, however, im- 
portant loss of ground may cause substantial 
damage to costly structures and public utilities. 
At given dimensions of a free-air tunnel, loss of 
ground depends on the rate of progress. 


influence of tunnel progress on loss 
of ground and settlement 


It has been shown that the rate of squeeze 
depends on the load ratio L,, Equation (4-6). 
If the load ratio is smaller than about 50 per- 
cent, mining operations develop a slight move- 
ment of the clay toward the tunnel from semi- 
elastic yield. This semi-elastic yield causes a 
settlement of the ground surface but, at the 
same time, mobilizes the shearing stresses 
which reduce the load ratio L, to less than 50 
percent. The working face does not move if 
mining is discontinued. Fora tunnel with length 
L: and cross-section Az, the loss of ground Gs 
due to semi-elastic yield of the clay toward the 
working face can be expressed by the equation 


Gs = gs Lt At (4-9) 
g, represents the loss of ground per unit of the 


total volume of the tunnel. 


The value g, increases with increasing load 
ratio L,. Ata given value of L, it is different for 
various clays. In the liner plate tunnels of 


Chicago, the load ratio was somewhat smaller 
than 50 percent and the corresponding value of 
g, was of the magnitude of 0.02, involving 
a loss of ground of about two percent. 


As said before, loss of ground relates to 
settlement of the ground surface. This settle- 
ment precedes the heading as shown in Fig- 
ure 4-4, which represents a vertical section 
through the center line of a tunnel in clay with 
a load ratio of less than 50 percent. If mining 
through such a clay is discontinued, as soon as 
the working face reaches Point ef (Figure 
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Settlement 
8 
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2 Days Later 
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Figure 4-4 Settlement above Clay Tunnels 


The tunnel is advanced to ef and then mining is stopped. 


(a) The unit restrained overburden pressure ppr is less 
than 50% of the unconfined compressive strength qu of 
the clay or L, less than 50%. The face bulges slightly in 
and all movement stops. 


(b) L, is greater than 50% of qu. The clay squeezes into 
the tunnel and the surface subsides continuously due to 
creep. The rate of squeeze v varies with L,. 


In both instances subsidence of the surface extends 
ahead of the mining operation. 
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4-4a), settlement does not increase noticeably. 
If the load ratio is smaller than 50 percent, 
both the loss of ground and subsequent settle- 
ment are practically independent of the rate at 
which the tunnel is excavated. Slight settle- 
ment can be avoided by filling the tunnel with 
compressed air under a pressure equal to the 
full overburden pressure wH per unit of area of 
the roof of the tunnel. However, this would be 
both uneconomical and unnecessary. 


If the load ratio is greater than about 50 
percent, the loss of ground is equal to the sum 
of the loss due to semi-elastic deformation and 
that due to creep or squeeze (see Curve Co, Fig- 
ure 4-3). Squeeze entails a movement of the 
working face toward the tunnel at a constant 
rate, v per hour. The greater the load ratio, the 
greater the velocity v (all else being equal). If 
L, becomes equal to 100 percent, this inward 
movement assumes the character of a viscous 
flow. 


Movement of the clay at velocity v leads to 
a steady increase of the settlement of the 
ground surface located above the heading, as 
shown in Figure 4-4b. If A; is the cross-section 
of the tunnel, the loss of ground per hour is v 
At. If T is the total time required to construct a 
tunnel with length L; in clay with a load ratio of 
more than 50 percent, the loss of ground G is 
equal to the sum of the loss of ground due to 
elastic deformation G,, Equation (4-9), and the 
loss from creep which is v T At. 


O ap. Pedy +08 EEE EN (= Zu Fr) 4-10) 

Lı = g's Lt At 
Since 7 stands for the rate of progress, the 
equation shows that loss of ground increases 
with decreasing rate of progress if the load 


ratio L, is greater than 50 percent. 


To illustrate the practical meaning of Equa- 
tion (4-10), suppose that the time T required to 
excavate a tunnel with a length Ls of 1000 feet 
is equal to 50 days or 1200 hours. The working 
face moves into the tunnel at a constant rate of 
2 inches or 0.166 foot per hour, which can be 
expected at a load ratio L, of 80 or 85 percent. 
This movement is far too slow to be noticed by 
visual observation. Yet the corresponding loss 
of ground is highly important. Introducing the 
numerical values given in Equation (4-10), we 
obtain: 


G = Lt At (« + 0.166 1200 


1000 
Since 8; is likely to be small compared to 0.20, 
the loss of ground will be approximately equal 
to 20 percent. If the rate of progress of the exca- 
vation is reduced to one-half, from 20 feet to 10 





) = Ly A; (gs + 0.20) 


a 


feet per day, the loss of ground increases to 
something over 40 percent. 


conditions affecting allowable 
rate of squeeze 


If the load ratio L,, Equation (4-6), is close 
to 100 percent, the loss of ground in all prob- 
ability will exceed the volume of the tunnel by 
several hundred percent. According to records 
of timber-supported clay tunnels constructed 
prior to about 1900 (and before the general use 
of compressed air), a loss of 150 percent was by 
no means unusual. In rare instances, losses up 
to 370 percent were experienced. Today, if the 
loss of ground exceeds 20 or 30 percent of the 
volume, the rate of squeeze is slowed by using 
compressed air, the cost of which is doubtlessly 
lower than the cost of additional excavation. 


If the loss of ground is less than 20 or 30 
percent of the volume occupied by the tunnel, 
temporary support can be obtained by meth- 
ods practiced in raveling ground with a stand- 
up time of several hours. Attendant to the tun- 
neling operation is the formation on the surface 
of a wide trough with a depth of a foot or more. 
Within cities or other built-up areas such a sub- 
sidence could not be tolerated. The allowable 
loss of ground resulting from squeeze in a tun- 
nel through clay is governed, certainly, by set- 
tlement considerations. 


method for determining percentage 
of excess excavation 


Perhaps the most simple yet reliable meth- 
od to monitor excess excavation starts with 
driving stakes on the ground surface along 
lines at right angles to the center line of the 
tunnel. The elevation of the reference points on 
the stakes of each profile is then measured be- 
fore the heading arrives in the proximity of the 
profile and, again after the heading has been 
advanced well beyond it. The excess excava- 
tion is approximately equal to the volume of 
the space between the two reference readings 
of the original and subsided ground surface 
divided by the volume occupied by the tunnel 
tube. 


swelling ground 


The term swelling ground is given to those 
soils which gradually expand into a tunnel be- 
cause of volume increase. 


In shallow tunnels (100 feet or less from 
the surface), swelling phenomena occur only in 





clays which have been heavily precompressed 
by the weight of a temporary overburden. This 
overburden may have consisted of alayer ofice 
which melted away or a thick layer of sediments 
that later eroded away. When the full over- 
burden acted on this clay, stresses in the clay 
were high in both horizontal and vertical direc- 
tions. As the overburden deteriorated, these 
vertical stresses decreased by the full weight of 
the overburden so removed. Simultaneously, 
the horizontal stresses decreased, but to a 
much lesser amount. 


If a tunnel is driven into a clay of this sort, 
the lining may be acted upon by a pressure 
which is a great deal higher than the present 
overburden pressure, but which cannot exceed 
the overburden pressure that produced the 
precompression. If the geologic history of the 
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tunnel site indicates that the clay strata in 
which the tunnel has to be excavated have been 
precompressed by a heavy overburden, the 
possibility of encountering swelling pressure 
should not be overlooked. 


Swelling ground consists either of stiff, in- 
tact clay or stiff clay containing a network of 
joints. 


If a tunnel is mined through intact swelling 
clay, water is drawn or sucked toward the 
tunnel out of clay located some distance from 
the tunnel. This process is illustrated by Figure 
4-5 which represents a vertical section through 
a circular tunnel. The ordinate of the horizontal 
line above the left-hand part of the horizontal 
diameter of the tunnel signifies the water con- 
tent of the clay before mining began. Those of 


Settlement Due to Loss of 
Ground and Compression 


Swelling 


Water Content a Few 
Weeks after Mining 


J Compression 


\ 


Zone of Swelling 


-e Zone of Compression 


a 


Figure 4-5 Swelling in Intact Clay 


When a tunnel is excavated, the clay at both sides must 
carry not only the overburden directly over it, but also 
the load of the overburden directly over the tunnel, trans- 
ferred onto the clay by arch action. At the same time, 
the clay at the tunnel walls is no longer restrained. The 
increased pressure squeezes some water out of the clay in 
the zone of compression toward the tunnel into the zone 
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of swelling where the compression has been reduced by 
expansion of the clay into the tunnel. Because of this 
expansion, the diameter of the tunnel decreases. The 
settlement of the ground surface due to semi-elastic yield 
and to compaction in the zone of compression is small. If 
the tunnel is carelessly mined, the settlement due to loss 
of ground can become very important. 








the curve on the right-hand side show the water 
content a few weeks after the clay was exposed. 


Numerical values regarding changes in 
water content subsequent to mining were ob- 
tained from a subway project in Paris (writ- 
ten communication by K. Langer). Prior to ex- 
cavation, the water content of the clay was 
about 34 percent of its dry weight. Width of 
the excavation was about 30 feet. During the 
first few weeks after exposure, the water con- 
tent of the clay some two feet from the tunnel 
walls had increased to about 80 percent. At a 
distance of 10 feet, it had decreased about 28 
percent. Within a distance of one foot from the 
tunnel walls, the clay was completely disinte- 
grated and sloughed off. Swelling extended to 
about five feet from the walls. Beyond this 
zone of swelling, to a distance of about 15 
feet, the water content of the clay was sub- 
normal, and beyond 15 feet it had remained 
unchanged. 


In intact, swelling ground, the process of 
swelling rarely becomes perceptible within the 
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first week after the soil is exposed in the tun- 
nel. In the context of mining, intact swelling 
ground can be classified as firm ground, pro- 
vided a permanent lining is completed within 
a few days after mining. Otherwise, the sub- 
sequent increase of pressure may crush the 
temporary support. 


Fissured, swelling ground contains hair 
cracks that divide the soil into angular frag- 
ments with uneven surfaces. If these surfaces 
are glossy and striated they are said to be 
slickensided. 


Because of pressure at these joints, the soil 
is likely to start raveling almost immediately 
after it is exposed, consequently requiring tem- 
porary support. Since the technique of installing 
temporary supports is determined by the ten- 
dency of soil to ravel, fissured swelling clays 
are considered as raveling soils. Swelling prop- 
erties nearly always accelerate the process of 
raveling, therefore the load on a temporary 
tunnel support invariably assumes exceptional 
values within its service period. 


Chapter 5 
Pre-Drainage and Compressed Air 


Probably the most difficult and hazardous 
tunneling conditions occur in flowing or rapid- 
ly squeezing ground. Both conditions result at 
least in part from the flow of water toward the 
heading. If this flow is stopped, the soil into 
which the tunnel is driven becomes relatively 
stable. Flowing ground, i.e., ground containing 
cohesionless soil, turns into a somewhat slowly 
raveling ground; and a nearly cohesionless soil 
turns from rapidly squeezing into slowly 
squeezing ground. 


The flow of water toward an open heading 
(face without breast boards) can be stopped in 
one of two ways: the water table of the site can 
be lowered to a level below the bottom of the 
tunnel, or the tunnel can be filled with com- 
pressed air under a pressure equal to the water 
pressure at the bottom of the heading. The first 
of these methods is known as pre-drainage, and 
the second as the compressed air method. 


techniques of pre-drainage 


It is almost natural, even among engineers, 
to believe that the function of drainage is to ex- 
tract part of the water from the soil and re- 
place it with air. This is not correct. The pres- 
sure of the water, as such, is irrelevant. What 
really matters in connection with the stability 
of soil is the presence or absence of a hydraulic 
gradient that causes water to seep toward the ex- 
cavation. 


In a saturated mass of fine sand above a cer- 
tain level, the sides of the excavation in sand 
are stable, and water does not flow into the pit. 
Below this level, sand behaves in the manner 
of a thick liquid. The boundary between these 
two levels is called the water table or the piezo- 
metric surface. It represents the locus of the 
levels to which water rises in observation wells. 
If the lower end of the wells is located above 
the water table, then the water does not enter 
the well even though the surrounding sand 
may be completely saturated. 


methods of pre-drainage 


There are several efficient methods of 
drainage that can be employed, such as pump- 
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ing from well points or pumping from deep 
wells. 


The well point method drains water out of 
tube wells having a diameter of 2 or 2-1/2 
inches. These wells are spaced 4 to 6 feet 
apart, and their ends are interconnected by a 
4- or 6-inch header pipe leading to the pump. 
Since well points are relatively economical, 
they are used extensively in regions underlain 
by clean, water-bearing sand, such as those 
adjoining the south end of Lake Michigan. 


If the permeability of the ground is as low 
as that of a fine silty sand, a vacuum pump 
must be attached to the header pipe to draw 
the water from the soil — a procedure simply 
known as the vacuum method. 


If conditions dictate lowering the water 
table in a single lift by more than 20 feet, it is 
then necessary to pump from deep wells. Used 
for drainage, they have a diameter of 10 or 12 
inches. Each one operates with a deep-well 
pump. They are multi-stage, centrifugal pumps 
with a small external diameter that perform 
efficiently. 


If the base of the water-bearing stratum is 
located but a few feet below the bottom of the 
tunnel, the bottom cannot be dried up unless 
the spacing between wells is reduced to a few 
feet. The cost may be prohibitive. In such 
cases, draining with water collectors should be 
considered. This involves sinking a shaft 
through the water-bearing stratum into the im- 
pervious stratum, sealing the bottom of the 
shaft with concrete, and jacking collector tubes 
through openings in the walls of the shaft in 
horizontal, radial directions into the ground 
immediately above the impervious stratum. 
Pumping from this shaft can lower the water 
table to a level below the bottom of the tunnel. 


In driving a rock tunnel, if the exploration 
hole indicates that the heading is approaching 
earth, hydrostatic pressures in the earth can 
be improved by draining the rock contiguous to 
the earth. This is done with drill holes that fan 
out from the working face of the rock section 
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Relatively short tunnel. Ground drained through use 
of well points in bottom of shafts. Also use of well points 
jetted down in bottom of tunnel. 


toward the boundaries between rock and earth. 
If the rock is not sufficiently jointed to afford 
satisfactory drainage, these holes should be 
sprung to further fracture the rock adjacent to 
the earth. 


If the ground located above the level of the 
bottom of the tunnel consists of layers of a very 
permeable material (such as clean sand) al- 
ternating with layers of practically imperme- 
able soil (such as silt or silty sand), it is neces- 
sary to drive the well points through the entire 
system of strata located between the water 
table and a depth of 8 or 10 feet below the bot- 
tom of the tunnel. This can be done in compar- 
atively shallow tunnels only, unless drainage is 
achieved with deep-well pumps operating in 
large diameter wells. Below the original water 
table, each well point must be surrounded by a 
mantle of fairly coarse sand or fine gravel, 
permitting the water to flow out of each of the 
water-bearing strata toward the strainer at the 
lower end of the well point. If this is not done, 
the ground above the strainer retains the char- 
acter of flowing ground. 


If the tunnel is located in a very permeable 
stratum that does not contain continuous 
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layers of silt or clay between the original 
water table and a depth of at least 8 or 10 feet 
below the bottom of the tunnel, the ground sur- 
rounding the tunnel can be drained by well 
points jetted down through the bottom of the 
tunnel; the water is drawn toward the pumps 
through header pipes in the tunnel. 


drainage by deep-well pumps 


This method has been used extensively in 
constructing tunnels through water-bearing 
sands located beneath buildings and under 
navigation canals. Wells are arranged in two 
rows on both sides of the tunnel; spacing be- 
tween wells can be as far as 700 feet. After the 
well is drilled, a filter tube is introduced into 
the well, and the casing is pulled. The inner 
diameter of the filter tube must be larger than 
the outer diameter of the deep-well pump by at 
least one inch. The inner diameter of the filter 
tube, therefore, is quite often more than 12 
inches. 


There is no theoretical limit to the depth to 
which a water table can be lowered, but every 
well operates with a deep-well pump which is 


relatively expensive. It is hardly practical to 
lower the water table with less than eight deep- 
well pumps. 


limitations to the use of 
the drainage method 


Well points and deep-well pumping are 
only workable ifthe percentage of soil particles 
smaller than 0.05 mm. is not more than about 
10 or 15 percent. If the soil is finer, it can only 
be drained by the vacuum method. If it con- 
tains some clay, it cannot be drained at all 
within a reasonable span of time. The well 
point and vacuum methods are further limited 
by the fact that a water table cannot be lowered 
more than about 20 feet below the elevation of 
the header pipe. 


When tunnels are located at a depth less 
than 100 feet below the water table, the flow of 
water into the tunnel can also be prevented by 
filling the tunnel with compressed air under a 
pressure equal to the hydrostatic pressure at 
the level of the bottom of the tunnel. If the 
soil surrounding such tunnels cannot be 
drained at moderate expense, the use of com- 
pressed air stands to be more economical. Un- 
der certain conditions it may be advantageous 
to combine both methods. 
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Dewatering by pumping from deep wells 
or well points can cause varying amounts of 
settlement, depending on the hydraulic gra- 
dient of the ground water and character of the 
soil. Therefore, settlement of ground due to 
loss of water should be carefully considered be- 
fore going to this method. 


compressed-air method 


The principle of the compressed air method is 
illustrated by Figure 5-2. Figure 5-2a shows a 
vertical section through a tunnel where the bot- 
tom is located at a depth h, below the water 
table. Figure 5-2b is a diagram illustrating the 
hydrostatic pressure conditions in the soil ad- 
joining the working face. Pressure of the water 
increases from zero at the water table to w’h» 
at the level of the bottom of the tunnel ( w’= 
unit weight of the water). In Figure 5-26 the 
water pressure is represented by the triangle 
a b c. If the tunnel is filled with air under pres- 
sure po = w’h,, the air stops the water from 
flowing toward the tunnel. The soil then be- 
comes as stable as if it were located above the 
water table. 


If the soil is as pervious as sand or gravel, 
the compressed air gradually drives water out of 
the voids in the soil, and the water seeps away 
from the tunnel. Put another way, the soil is 
dried by the compressed air. As soon as the 
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Figure 5-2 Hydrostatic Conditions in a Compressed-Air Tunnel 


(a) is a vertical section through the center line of a tunnel 
which is filled with compressed air at a pressure pç equal 
to the hydrostatic head w’hp of the water at the bottom 
of the tunnel. No water will enter the tunnel. 


In (b) the ordinates represent the depth below the water 
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table. The abscissas of ab represent the corresponding 
water pressure. The shaded area indicates the excess 
of air pressure over the water pressure. At the top of the 
tunnel the excess is greatest. If the soil is coarse-grained 
such as sand, the air drives the water out of the ground 
and escapes to the surface. 








boundary between the dried-up and saturated 
soil reaches the water table (at some point), 
large quantities of air escape through the dried- 
up soil. This is called air leakage. In some 
cases, injection of liquid grout can prevent ex- 
cessive loss of air. Extremely fine-grained soils 
such as clay remain in a saturated state in spite 
of continuous contact with compressed air. 


In soft clay as well as in water-bearing 
sand, there is a well-defined surface below 
which the pore water in the clay is under pres- 
sure. Because of low permeability, the position 
of this surface cannot be determined by obser- 
vation wells. It can be determined, however, by 
means of pressure gauges attached to the up- 
per end of airtight, piezometric tubes, the 
lower ends being embedded in the clay. Expe- 
rience with clay suggests that the position of 
the water table ordinarily has little influence 
on the behavior of the clay in open cuts or tun- 
nels, since the clay behaves as if it were an im- 
pervious, plastic substance. 


The rate of squeeze in a free-air tunnel 
through soft clay depends on the load ratio L,., 
which, in turn, relies on the dimensions of the 
cross-section of the tunnel, the weight of the 
overburden, soil and water combined, and the 
degree of stiffness of the clay. By increasing air 
pressure to a value close to the overburden 
pressure wh, the loss of ground could be entirely 
eliminated. This would be uneconomical and 
even hazardous since the risk of blowouts in- 
creases sharply with increasing air pressure. 


If it is intended to drive a tunnel using 
compressed air, the builder must consider 
equipment and construction requirements, the 
physiological effect of compressed air on tun- 
nel crews, higher labor costs, and the amount 
of air likely to be lost by leakage. 


In particular, the installation needed to 
tunnel under compressed air will include: 


(a) A compressor to produce the com- 
pressed air. 


(b) Pipelines to feed the compressed air 
into the tunnel. 


(c) A bulkhead to separate the compressed- 
air and the free-air sections of the tunnel and 
retain the compressed air in the tunnel. 


(d) Air locks through which men and mate- 
rials can be transferred across the bulkhead. 


Air pressure of 16 pounds per square inch 
above normal atmospheric pressure is com- 
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mon. The pressure thus exerted amounts to 
more than one ton per square foot. In large 
tunnels, a bulkhead has to sustain and transfer 
high loads. It is usually made of reinforced con- ` 
crete stiffened by ribs. Bulkheads fabricated 
from steel are not used as frequently. 


Air locks are horizontal steel cylinders 
with a diameter no less than 6 feet and a length 
of about 12 feet. Each lock can be entered from 
either end through a door which becomes air- 
tight after it is shut. On large tunnel jobs this 
installation contains two or three locks per 
bulkhead. One is used for the transportation of 
materials; the others for personnel. Usually 
there is also a safety lock. 


The installation of a compressed air system 
represents a sizable investment. Such systems 
can only be used if the job is big enough or dif- 
ficult enough to justify the investment. 


physiological effects of compressed air 


A person rapidly transferred from com- 
pressed air under high pressure into free air 
may become seriously ill, and the effect may 
be fatal. Even if this transfer takes place very 
slowly, relatively few people can experience it 
without discomfort. 


The pathological effects produced are 
called compressed-air sickness, caisson dis- 
ease, diver’s palsy, or simply the bends. They 
are brought about by the blood absorbing ni- 
trogen from the compressed air. When the 
pressure is released, the nitrogen enters the 
blood stream in the form of small bubbles. 
They frequently accumulate in the joints, 
where they cause severe pain. A congregation 
of bubbles in the middle ear or brain can be 
fatal. 


Because of these dangers, no one should 
be admitted to work in compressed air without 
a thorough medical examination. Danger to 
the health of tunnel crews increases rapidly 
with increasing air pressure. This is expressed 
in Table 5-1, which shows the maximum num- 
ber of working hours at a stretch at different 
air pressures and the safe rate of decompres- 
sion in minutes per pound per square inch of air 
pressure. 


Almost every healthy person can stand air 
pressure up to about 12 pounds per square inch 
without serious inconvenience. The number of 
working hours at that pressure is equal to those 
under free air. As the air pressure increases be- 


Table 5-1 


Allowable Continuous Working Hours 
in Compressed-Air and Decompression Time 


Air pressure, psi up to 12 12-16 

Maximum hours per shift 4 3 

Maximum hours work under 8 6 
pressure per 24 hour day 

Total decompression 3. 33 


time minutes 


yond this level, there follows a rapid decrease 
in the number of useful working hours (accom- 
panied by a steep increase in hourly wage 
rates). If the air pressure is equal to 32 pounds 
per square inch, the working period is one 
hour. Since a “sand hog” is allowed no more 
than two working periodsin an eight-hour shift, 
he works in the tunnel two hours per day, 
spends one-and-a-half hours decompressing, 
and is entitled to a four-and-a-half hour rest 
period. But he draws wages for eight hours, 
supplemented by premium pay for work under 
high pressure. Cost per cubic yard of ground 
excavated can be extraordinary. The highest 
pressure under which work in compressed air 
can be performed is 50 pounds per square inch. 
Pressure of 15 pounds per square inch is equiv- 
alent to the weight of a column of water about 
34 feet high. Pressure of 50 pounds per square 
inch corresponds to 115 feet of water. Com- 
pressed air work cannot be undertaken at a 
depth more than 100 feet below the water table. 


loss of air through leakage 


frictional resistance against 
expulsion of water by compressed air 


In Figure 5-26 it can be seen that air pres- 
sure exceeds water pressure over the entire 
heading. The greatest excess is at the top ofthe 
tunnel, where the air tends to escape into the 
voids of the soil. The expulsion of water from 
soil is analogous to forcing water out ofa bun- 
dle of narrow tubes. The more narrow and the 
longer the tubes, the greater the frictional re- 
sistance to the flow of water, and the longer it 
takes the air, at a given pressure, to force out 
the water. For similar reasons, it takes much 
more time for the air to force a passage to the 
surface through a water-bearing stratum of 
fine-grained soil than through a coarse-grained 
stratum of the same thickness. Time required 
to establish a passage through a stratum ofthe 


same soil increases with the thickness of the 
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16-20 20-24 24-28 28-32 
2 2 2 1 
4 4 3 2 
43 92 98 85 


stratum. After the passage is formed, the rate 
at which air escapes through the soil increases 
with the increasing grain size and the decreas- 
ing length of the passage. Radial losses are 
partly reduced by advance of the heading and 
grouting back of the lining. 


capillary resistance to air leakage 


Entrance of air into voids is also resisted 
by capillary forces which tend to maintain the 
surface of the water at the point of contact be- 
tween soil and air. If the resultant of the cap- 
illary forces is smaller than the excess of the air 
pressure over the water pressure, air invades 
the soil and the heading dries up. If the result- 
ant capillary forces are greater than the excess 
of air pressure over water pressure, air cannot 
enter the soil. At the same time, no water can 
escape from the soil into the tunnel (since the 
air pressure is greater than the water pres- 
sure). Under these conditions, air can only leak 
through cracks or open spaces between the soil 
and the tunnel lining. Conditions of this kind 
are usually found in silty soils (such as bull’s 
liver), organic silt (such as muck), and in clay. 
Serious leakage problems generally occur in 
tunnels through sand or gravel. 


loss of air in 
unstratified permeable ground 


The manner in which air moves from a tun- 
nel into a body of permeable soil, such as sand- 
and-gravel, depends largely on the details of 
stratification. Whatever these details may be, 
the laws of physics prevail. 


According to these laws, air causes water 
to travel along lines of least resistance. In un- 
stratified masses of sand or gravel, these lines 
go from the roof of the tunnel straight up to 
the surface of the ground water; air escapes 
upward from the tunnel. In stratified masses, 
these lines of least resistance are always situ- 
ated in layers with maximum permeability. 











Since the stratification of beds of sand-and- 
gravel is often horizontal, air may advance 
over respectable distances in a horizontal direc- 
tion whenever it encounters a layer with more 
than average permeability. Neither of these 
occurences tends toward a state in which the 
rate of leakage remains constant. Contrary to 
widespread belief, the rate of leakage will most 
probably increase as the tunnel advances. 


In fairly permeable soil, most of the air 
coming from the tunnel remains in the soil and 
accumulates in layers or pockets with increas- 
ing size. At any given size of air pocket, the 
rate of its expansion increases in direct pro- 
portion to the permeability of the soil. Sooner 
or later, air breaks through the walls of the 
pocket, making it difficult to hold the air pres- 
sure. 


Ramifications of a gradual increase in the 
volume of dried-up soil are shown in Figure 5-3 


Water Table 


the tunnel. Because water pressure which re- 
sists expulsion decreases, the rate at which the 
upper boundary of this body rises increases. 
The distance the water must travel toward the 
surface also decreases, reducing frictional re- 
sistance. In relatively permeable soils the air 
leakage is likely to increase. Then it is only a 
question of time before the air will force an out- 
let. 


loss of air in stratified ground 


If, on its upward path, compressed air ar- 
rives at the base of a stratum with exception- 
ally low permeability, such as a layer of clay, 
the space occupied by the air expands in hori- 
zontal directions. If the air pressure is greater 
than the weight of the overburden per unit of 
area, solid and water combined, the stratum is 
lifted bodily and a blowout occurs. A blowout 
may also happen if the tunnel intersects an old 
drill hole or if the expanding air pocket arrives 
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Figure 5-3 Compressed-Air Tunnel in Permeable Unstratified Soll 


In an unstratified permeable soil compressed air drives 
out the water and dries up an ever increasing volume of 
soil above the tunnel. Ultimately, the air forces a passage 


representing a vertical section through the cen- 
ter line of a compressed air tunnel. Tunnel sup- 
ports are liner plates and steel poling plates. If 
the soil is permeable and can be dried-out at 
some level above the crown of the tunnel, the 
total length of the body of dried-up soil in- 
creases in simple proportion to the length of 
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to the surface causing the air leakage to increase very 
considerably. If a blowout occurs, the sudden drop in air 
pressure permits an inrush of water and muck. 


at a defective sewer conduit. Blowouts produce 
rapid drop of air pressure in tunnels. 


resaturation of permeable ground 


If air pressure in a tunnel through relative- 
ly course-grained soil is reduced to atmospher- 


ic pressure, the air pocket above the tunnel is 
gradually invaded by water from below. Soil 
located immediately above the tunnel becomes 
resaturated and the communication between 
the tunnel and air pocket is cut, as shown in 
Figure 5-4. Should the tunnel again be filled 
with air, the soil surrounding the tunnel roof 
will need time to dry out again. This procedure 
could be used to reduce the air leakage to some 
extent. 


means to reduce air leakage 


Air leakage adds to the cost of tunneling, 
certainly, since it requires an equivalent in- 
crease in compressor plant capacity. It also 
raises temperatures in the tunnel, which al- 
ready may be uncomfortably high, further 
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If a thick stratum of clean gravel is en- 
countered, air may escape at a rate beyond the 
capacity of the compressor plant. When this 
occurs, procedures must be modified. One pos- 
sibility is to apply compressed air while pump- 
ing from well points or deep wells; another is to 
plug the voids of the soil by grouting. 


methods of coping with 
exceptional tunneling conditions 


Exceptionally treacherous conditions de- 
velop if the loss of air from leakage is greater 
than the supply; or if flowing ground is encoun- 
tered at a depth more than 100 feet below the 
water table. Under these conditions, it is im- 
perative to supplement or even replace com- 
pressed air procedures. 
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Figure 5-4 Resaturation of the Ground to Reduce Air Leakage 


It requires a certain amount of time for compressed air 
to drive water out of permeable ground and force a pas- 
sage to the surface. While the tunnel is shut down over 
the weekend, for example, the air could be “taken-off”, 


requiring expensive cooling devices. Air leak- 
age can be substantially reduced by keeping 
the distance between the working face and the 
concrete lining as short as possible. Other re- 
ductions are also possible by sealing all the 
areas through which air could possibly escape, 
including the joints in the temporary lining. 
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allowing the ground above the tunnel to resaturate and 
cut the connection with the air pocket moving to the 
surface. 


drainage combined with compressed air 


Excessive air leakage is limited to tunnels 
driven through very coarse-grained soils. If it 
is so great that air pressure cannot beincreased 
sufficiently to dry the bottom, the flow of water 
toward the tunnel still can be reduced or even 








stopped by pumping from well points. Well 
points can be arranged on the bottom of the 
tunnel as shown in Figure 5-5a. Figure 5-55 il- 
lustrates the effect pumping has on hydrostatic 
pressure conditions along a vertical section just 
ahead of the face. Before pumping is started, 
the hydrostatic pressure in the water, at any 
depth below the water table at that section, is 
equal to the corresponding abscissa of the Line 
a b. Excess of air pressure p. over water pres- 
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grouting with cement 


Successful grouting greatly depends upon 
experience with the influences grain size of 
soils exert on the competence of different 
methods of grouting. Very coarse-grained soils 
can be effectively grouted by injecting neat 
cement. 

chemical consolidation 


Fine sands or gravel-sand mixtures can be 
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Figure 5-5 Compressed Air Supplemented by Pumping 
from Well Points in a Permeable Soll 


Prior to pumping from the well points, the excess of air 
pressure Po over the hydrostatic pressure, represented 
by the shaded area to the right of the Line ab causes a 
condition as shown in Figure 5-5(b). Pumping from the 


sure on the upper part of the heading is repre- 
sented by the shaded area on the right-hand 
side of a b. 


Pumping lowers the water table from the 
elevation of Point a to that of Point c and, at the 
same time, reduces the water pressure to the 
values signified by the abscissa of the Curve cd. 
It also considerably reduces the air pressure 
p'c required to dry out the bottom of the tun- 
nel. If losses continue to exceed the air supply, it 
becomes essential to supplement the well point 
installation with drainage galleries or by grout- 
ing the porous soil. 
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well points changes the hydrostatic pressure curve from 
ab to cd. Air with a pressure p’, suffices to dry the bottom, 
although p's is considerably smaller than po. 


sealed using one of several chemical methods 
of grouting. One method prescribes injecting 
water glass into the sand first, and then a solu- 
tion of calcium chloride. These two chemicals 
mix in the voids of the soil to produce a silica 


gel which seals the voids and acts as a cement. 


Another method entails the injection of a 
chemical solution into the soil which then co- 
agulates. The solid produced by coagulation 
seals the voids, reducing the permeability of 
the sand to that of a clay. 


All these methods could be used, also, 
should a very permeable, water-bearing stra- 
tum be encountered at a depth more than 100 
feet below the water table. Successful sealing 
permits construction of the tunnel without the 
aid of compressed air. If the width of the tun- 
nel is B, then it is necessary to grout the soil to 
a distance of at least 1.5 B from the heading, 
and to maintain this distance as the heading is 
advanced. 


tunneling through very fine-grained, 
water-bearing soils at great depth 


A soil can be classed as very fine-grained 
if more than 20 percent passes a 200-mesh 
screen. Such soil cannot be drained by ordinary 
means. Even grouting with chemicals may be 
ineffective. Such soil, when met at a depth 
greater than 100 feet below the water table, 
can be controlled, however, by electro-osmotic 
or freezing methods. 


freezing method 


By freezing the soil in advance of the head- 
ing, excavation then proceeds in frozen soil. To 
freeze the soil, pipes are installed along the cir- 
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cumference of the body of soil to be frozen and 
a cold solution is circulated through the pipes. 
This procedure was patented late in the 19th 
century and is still used in sinking deep mine 
shafts through water-bearing strata of cohe- 
sionless material. Because of its high expense, 
it is doubtful whether this procedure would be 
economical in the construction of tunnels at 
comparatively shallow depths. 


electro-osmotic method 


When two well points are driven into a 
saturated soil and connected with opposite 
poles of an electric generator, an electric cur- 
rent flows from the positive well point (anode) 
to the negative one (cathode). At the same 
time, water contained in the soil migrates from 
the soil in the same direction toward the nega- 
tive well point, increasing the consistency of 
the soil. 


Since the electric treatment gradually trans- 
forms soft silt or silty clay into a stiff paste with 
the consistency of a knife clay, electro-osmosis 
may eliminate most of the problems of tunnel- 
ing through soft, fine-grained soils at great 
depth. 








Chapter 6 
Settlement of Ground Surface above Tunnels 


causes of settlement 


Causes of ground settlement at the surface 
above tunnels can be divided into two catego- 
ries: (1) loss of ground and (2) settlement due 
to consolidation. Loss of ground is the term ap- 
plied when material removed exceeds the vol- 
ume occupied by the tunnel tube. The term con- 
solidation refers to a decrease in the volume of 
soil located above the tunnel due to the with- 
drawal of water. 


Settlement due to loss of ground is almost 
unavoidable. If soil conditions permit shield 
construction, chances of settlement may be 
reduced or eliminated. Nevertheless, the use of 
a shield does not assure that settlement willnot 
occur. This is partly the result of stress relaxa- 
tion produced by the mining process. In tun- 
nels through ground which necessitates breast- 
ing, the inevitable loss of ground is further 
magnified by the run or flow of material into 
the tunnel. Breasting cannot be erected in so 
short a time and in such a manner that the 
ground stays strictly confined. 


Surface settlement resulting from the ef- 
fects of consolidation occurs above free-air 
tunnels situated below the water table, or in 
compressed-air tunnels when the air pressure 
is less than the water pressure at the level of 
the bottom of the tunnel. 


loss of ground 


In raveling earth, ground is lost when cav- 
ities produced by overmining or by the subsur- 
face erosion of springs entering the tunnel are 
closed. In running or flowing ground, solid 
material escaping into the tunnel tube causes 
ground loss; loss in squeezing ground follows 
the slow advance of unsupported parts of the 
roof and walls into the tunnel. 


In non-swelling ground of any kind, the 
volume of space through which the surface of 
the ground eventually subsides is roughly 
equal to the difference between the volume of 
the soil removed from a tunnel and the volume 
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occupied by the tunnel tube (adjusting for in- 
creased volume of excavated material). 


In swelling ground, tunneling is affected 
by the increase of volume of clay adjacent to 
the tunnel walls. In tunnels through swelling 
ground, the volume of space through which the 
surface subsides is usually smaller than the 
difference between the volume of the clay 
which was taken out of the tunnel and the vol- 
ume occupied by the tunnel tube. Even through 
swelling clay, tunneling always produces a set- 
tlement of the ground surface. There are times 
when this settlement can be very important. 


ways to minimize loss of ground 
in homogeneous formations 


factors determining means 
for loss reduction 


Means to reduce ground loss depend heav- 
ily on the causes of the loss in the first place. 


loss of ground due to water action 


If water seeps into a tunnel, loss of ground 
is caused either by a mixture of soil and water 
which extrudes into the tunnel through open- 
ings in the breast boards or tunnel lining, or by 
soil particles that are washed out of the soil by 
erosion (from veins of water discharged into 
the tunnel). The most common and effective 
way to prevent such losses is to stop the flow of 
water with compressed air. If compressed air 
cannot be used for reasons of economy, or be- 
cause the leakage is excessive, the soil adjoin- 
ing the tunnel must nevertheless be confined 
without interfering with the discharge of 
water. This can be done by plugging the open- 
ings in the lining and breasting with permeable 
material, such as hay. Loss is then reduced to 
that which occurs while manipulating the 
breast boards. This loss can be further reduced 
by forepoling, but it cannot be eliminated en- 
tirely. 














loss of ground in raveling soils 
above the water table 


The most economical approach to the re- 
duction of ground loss in tunnels through rav- 
eling soils above the water table is to assure 
the use of adequate roof support with sufficient 
footings, and to carefully avoid immoderate 
overmining. Equally important is the prompt 
filling of spaces between the lagging or liner 
plate and the walls of the tunnel excavation 
with pea gravel or other suitable material. In 
raveling ground above the water table, these 
procedures alone may serve to hold surface 
settlement within tolerable limits. 


sources of loss of ground 
in squeezing ground 


In squeezing ground, one part of ground 
loss can be attributed to the invasion of over- 
mined spaces by clay and the settlement of rib 
footings (in tunnels other than circular in 
shape). Another part is caused by the squeeze. 
A third part is due to semi-elastic deformation 
which precedes the squeeze. 


means for reducing loss 
of squeezing ground 


Loss of ground because of sloppy mining 
can be prevented in the same way as described 
above for raveling ground. Squeeze can be 
eliminated entirely by maintaining an air 
pressure in the tunnel high enough to reduce the 
load ratio L,, Equation (4-6), to less than 50 
percent. At a lower air pressure it can be mini- 
mized by faster mining. Loss created by semi- 
elastic yield can be eliminated only by increas- 
ing air pressure to a value equal to the full 
overburden pressure, which is usually unfea- 
sible. Experience has demonstrated that, using 
these techniques, settlement usually can be 
kept at acceptable levels. They also eliminate 
loss prompted by sloppy mining and squeeze. 


means for minimizing loss 
of ground in formations 
with erratic structures 


Exceptionally unfavorable tunneling condi- 
tions can be expected in a body of soil with an 
erratic structure containing irregular bodies of 
cohesionless, water-bearing soil surrounded by 
or alternating with cohesive ones. For all prac- 
tical purposes, an accurate determination of 
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the boundaries between individual layers and 
pockets before the start of construction is un- 
attainable. 


If the heading of a large free-air tunnel 
passes unexpectedly from cohesive soil into 
flowing ground, large amounts of material may 
enter the tunnel while attempting to stop the 
flow. If it is believed that a large tunnel may 
strike flowing ground, compressed air becomes 
imperative, unless the tunnel is so far below 
the water table that it is economically prohibi- 
tive to neutralize water pressure with air pres- 
sure. 


Compressed air changes cohesionless, 
flowing ground into fast-raveling or running 
ground; but even moderately running ground 
can cause a detrimental subsidence of the 
ground surface, the amount and degree de- 
pending on tunnel depth. In a small tunnel, 
the danger of a run can be avoided at moderate 
expense by breasting the face as soon as the 
tunnel enters a section where a run may occur. 
In a large tunnel, the cost and difficulties of 
breasting are so great that the use of a shield 
may be the only solution. 


factors determining tolerable loss 
of ground in clay 


As said before, if a tunnel is driven under 
unoccupied terrain, settlement of the ground 
surface is usually irrelevant. The maximum 
loss of ground that would be considered toler- 
able is determined by construction costs. If 
ground loss is more than 50 percent, the con- 
sequent cost of excavating this additional ma- 
terial from the tunnel probably makes it more 
economical to keep the loss at or below this 
value by adopting more appropriate construc- 
tion methods. 


If the tunnel is located beneath buildings 
or public utilities, the maximum loss of ground 
that can be admitted is determined by settle- 
ment effects on those structures. Loss of 
ground produces a shallow trough on the 
ground surface. If Hs is the vertical distance 
between the ground surface and the bottom of 
the tunnel excavation, and Bis the width of the 
excavation, then the width of the trough is sel- 
dom smaller than B + 0.6 Hp. 


The degree of damage caused by a settle- 
ment depends not on the maximum settlement 
but on the ratio between depth and width of 


the trough. A trough 500 feet wide and 1 foot 
deep would hardly be noticed, while a trough 
10 feet wide and 1 foot-deep might be a calam- 
ity. It therefore seems pertinent to express the 
limiting conditions for settlement by the ratio 
between depth and width. This ratio is simply 
called the settlement ratio. 


On the Chicago subway, for example, the 
width of the troughs was 


0.6 Hy + B = 30 + 20 = 50 ft. 
Settlements of less than 3 inches = 0.25 feet 


passed almost unnoticed. The corresponding 
settlement ratio was 





= 0.005 


The loss of ground which corresponds to 
this settlement ratio can be estimated on the 
assumption that the cross-section of the trough 
has a parabolic shape, as indicated in Figure 
6-1. The volume V of the subsidence trough per 
unit of tunnel length is 


Fat mene BR 


: (6-1) 
V for value of ns = 0.005 
V = 0.0033 (0.6 H, + B/2 (6-2) 


If the loss of ground per unit of volume of the 
tunnel is g’,, Equation (4-10), and if the cross- 
sectional area of the tunnel is A;, then the loss 
of ground or volume of the subsidence trough 
per unit of length of the tunnel is 


V 
V = g's At g's = E (6-3) 
For tunnel with arched roof and vertical sides 
Ata = 0.9 Hi B (approximately) (6-4) 


Introducing into Equation (6-3) the values 


A: = Ata 
v= F a — Oh 


Equation (6-4) 
Equation (6-2) 


We obtain for the loss of ground that can be 
tolerated the value 


2 
an STe FR = HR: (6-5) 


H; B 


This equation shows that the acceptable 
maximum loss of ground for tunnels under 
municipalities relies on the width and height 
of the tunnel and on the depth of the bottom of 
the tunnel below the ground surface. This 
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Figure 6-1 Settlement Trough 


The cross section of the settlement trough above a tunnel 
through clay is roughly parabolic. Its width isapproximately 
equal to or greater than the width B of the tunnel plus 
0.6 times the vertical distance Hp between the bottom of 
the tunnel and the ground surface. 


interdependence is illustrated by the following 
numerical example: 


If Hy = 50 feet, and the tunnel is 20 feet 
wide and high, the tolerable loss of ground is 


50? 
20? 





g'st = 0.0037 x = 0.023 = 2.3% 


If a tunnel with the same cover is 8 feet 
wide and high, the tolerable loss of ground is 


38? 
82 





&'st = 0.0037 x = 0.088 = 83% 

The location of a tunnel beneath a surface 
occupied by valuable property imposes certain 
limitations on mining methods that can be em- 
ployed. As the air pressure approaches the 
upper (limiting) value of 50 lbs. per sq. in., the 
cost of mining increases sharply. Should soil 
conditions revealed by test borings indicate 
that an appreciable loss of ground may occur, 
even though moderate air pressure in the tun- 
nel can be maintained, the shield method of 
tunneling is indicated. 
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settlement due to consolidation 


If water is allowed to enter a tunnel, the 
construction of the tunnel acts to lower the 
water table as shown in Figure 6-2. The me- 


per unit of area. The quantity ge is known as 
the increase of effective pressure on the soil. 
The effective pressure on the soil located be- 
tween levels A and B increases from zero at 
level A to g. at level B. 


Ground Surface 


SW 


{X 





Lowered Water Table 


Figure 6-2 Lowering of Water Table by Tunneling Operation 


chanical consequences are shown by Figure 
6-3, which depicts a vertical section through a 
column of soil. The original position of the water 
table is indicated by A. According to the laws 
of soil mechanics, a lowering of the water table 
from A to B has the same effect on the soil 
located below B as’ if the load on this part of 
the column had been increased by the entire 
difference between the moist and the sub- 
merged weight of the mass of soil located be- 
tween the levels A and B. The term moist 
weight (w per unit of volume) indicates the 
full weight of the soil particles together with 
that of the moisture which the soil contains 
after drainage. The submerged weight, w, per 
unit of volume, is equal to the submerged 
weight of all the soil particles. The weight ws is 
always a great deal smaller than w, ranging 
between 55 and 70 lbs. per cu. ft.; w ranges be- 
tween 110 and 130 lbs. per cu. ft. The increase 
in pressure when the water table is lowered can 
be substantial. 


If the water table has been lowered through 
a distance A, the increase of the load on the soil 
below the level of B is 


qe = h (w — ws) (6-6) 
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If the soil located below the original water 
table in Figure 6-2 is composed of sand, com- 





Figure 6-3 Effect of Lowering the Water Table 


The figure represents a vertical column of soil in which 
the water table has been lowered from A to B by a dis- 
tance of h. The effective weight of the soil between A 
and B increases by the difference between its moist 
weight w and its submerged weight W! Due to the in- 
creased effective weight of the soil located above B, the 
soil located below B carries a heavier load than before, 
which causes a settlement of the surface of the soil. In 
the field the settlement due to the increase of the effec- 
tive load on compressible soils such as soft clay, soft 
silt or peat can be very important. 


pression of the sand by the increase of effec- 
tive pressure is too small to produce a per- 
ceptible settlement of the ground surface (un- 
less the sand is fine and abnormally loose). If 
the soil located below the original water table 
contains layers of highly compressible soil — 
such as peat or soft clay — the settlement pro- 
duced by the increase of effective pressure can 
be important. Since the permeability of highly 
compressible soils is most often very low, its 
water content adapts itself quite slowly to in- 
creased effective pressure. Settlement attribut- 
able to the consolidation of such layers pro- 
ceeds gradually and ata decreasing rate as long 
as the water table remains in its lowered posi- 
tion. As soon as the water table goes up again, 
settlement ceases, and a slight rise takes place. 


condition surveys and 
settlement records 


When a building is constructed on clay, 
settlement starts immediately and continues 
for decades at a steadily decreasing rate. De- 
fects caused by progressive settlement do not 
develop until the differential settlement ex- 
ceeds a certain critical value, an event which 
may take place many years after the building 
was constructed. If these defects happen to 
appear during construction of a nearby tunnel, 
it is certain that they will be blamed on this 
construction. If the tunnel is to be located near 
recently constructed buildings which rest on a 
subsoil containing strata of soft clay, settle- 
ment observations should be started on these 
buildings as soon as the tunnel project is ap- 
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proved and should thereafter continue until 
some time after construction is finished. 


Frequent settlement observations should 
also be made on surface points located above 
the tunnel during construction. If H, is the 
depth at which the bottom of the tunnel is lo- 
cated and B the width of the tunnel, the width 
of the strip which will settle is at least equal to 
0.6 H, + B. Settlement at a point located on 
the surface probably will start as soon as the 
horizontal distance between that point and the 
heading of the tunnel becomes smaller than 2/3 
Hs: 


If a tunnel through soft ground is shield- 
driven, passage of the shield is followed by a 
slight subsidence of the ground surface above 
the tunnel. Shoving operations therefore 
should be managed so that advancement of 
the shield causes a slight heave at the surface 
to offset this subsidence. To keep this heave 
within specified limits, movement of the 
ground surface above the shoving operation 
must be continuously observed. 


Advantages gained from careful and con- 
tinuous observations of the ground surface 
above tunnels in cities are threefold. First, they 
inform the tunnel inspector (and others) 
whether settlement of the ground surface is 
within specified limits. Second, they make it 
possible to judge the efficiency of tunneling 
methods in minimizing settlement. Third, they 
furnish a record in the event claims for 
damage are filed against the owners of the 
tunnel by the owners of property above or ad- 
jacent to the tunnel. 
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Chapter 7 
Load on Tunnel Support in Running Ground 


The term running ground applies to all 
those soils, such as clean gravel and clean, 
coarse sand, located above the water table and 
which have a stand-up time equal to zero. 
Since these materials have no cohesion what- 
soever, they begin to run on every surface with 
a slope angle of more than about 34 degrees as 
soon as lateral support is removed. They are 
also unable to bridge a gap in the roof support 
if the width of the gap is greater than a few 
times the diameter of the largest grains. 


Despite the extraordinary mobility of run- 
ning ground, the load on the roof of tunnel sup- 
ports in running ground does not exceed a 
small fraction of the weight of the ground 
above the roof, unless the cover is very shallow. 
If the depth of the overburden is greater than 
about 1.5 times the combined width and height 
of the tunnel, the load is practically indepen- 
dent of depth. (In circular tunnel supports, 
height of tunnel is taken as zero.) The cause of 
this phenomenon is known as arch action. 


Arch action denotes a capacity of the 
ground above the roof of the tunnel to transfer 
the major share of the total weight of the over- 
burden onto the ground located on both sides 
of the tunnel. The body of soil which transfers 
this load is called the ground arch. 


In the investigation of arch action, as well 
as the laws that determine the load on roof 
supports in running ground, many model tests 
have been made with perfectly cohesionless 
sand. Results have pointed to certain conclu- 
sions regarding the prerequisites for arch 
action and those factors which determine load 
on roof support in flat-roof tunnels through co- 
hesionless sand situated above the water table. 
They are: 


(a) Arch action is the inevitable conse- 
quence of local stress relaxation brought about 
by mining operations. The mechanics of arch 
action are illustrated by Figure 7-1 in which 
the ground arch is represented by the area ac 
d b. The ground arch has a width B;.While exca- 
vating the tunnel and erecting supports, the 
mass of sand constituting the ground arch tends 
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to move downward into the tunnel. This 
downward movement is resisted by friction 
along the vertical boundaries a c and bd of this 
mass. Friction forces transfer most of the 
weight of the overburden, with height H, onto 
the ground on both sides of the tunnel. The roof 
support carries only the balance, equivalent toa 
height Hp. 


(b) Thickness D of the ground arch is 
roughly equal to 1.5 B,;.Above the ground arch, 
pressure conditions in the sand remain almost 
unaffected by the tunneling operation. 


(c) A slight downward movement of the 
crown of the ground arch is sufficient to reduce 
the load on the support of the intrados of the 
arch to a value Hp minimum, which is much 
smaller than the thickness D of the ground 
arch. If the crown of the ground arch is allowed 
to subside still more, the load on the roof sup- 
port again increases, approaching a value H, 
maximum, which is also smaller than D. 


(d) With time, the load on the tunnel roof 
increases by about 15 percent of the load which 
acted on the roof immediately after arching 
became effective. But the service period of the 
support is so short that this increase can be 
disregarded. 


(e) As the depth of the overburden on a 
tunnel with a given cross-section increases 
from zero, the roof load increases. As the 
depth H approaches a value equal to about 1.5 
times the width Bz of the ground arch, the load 
Hp becomes practically independent of depth. 


(f) The value Hp increases almost in direct 
proportion to the width B; of the ground arch 
(all other factors being equal). This relation 
can be expressed by the equation 


Hp = Cx By 


wherein C is a constant. The value of C de- 
pends on the degree of compactness of the 
sand and on the distance d through which the 
crown of the ground arch subsided while the 
tunnel was mined and the roof support in- 








stalled. These model tests have furnished the 
following information concerning the influence 
of these factors on the load: 

Dense Sand Hp min. = 0.27 (B+H;) fora (7-1) 
yield of 0.01 (B+H;) 
Hp max. = 0.60 (B+Ht) for a yield of 0.015 (7-2) 
(B+Ht) 


Loose Sand Hp min. = 0.47(B+H;) fora (7-3) 
yield of 0.02 (B+H,) 
Hp max. = 0.60 (B+H;) for a yield of 0.15 (7-4) 


(B +H) or more. 


The weight acting on the roof per unit of 
length of tunnel is 


Qn = w Hp B (7-5) 


wherein w is the unit weight of the sand. 


These equations show that load on the roof 
of a tunnel assumes its minimum value if the 
roof subsides by an amount ranging between 
about 1 percent of the sum of width and height 
of tunnels in dense sand and about 2 percent 
for tunnels through loose sand (H; = 0 for a cir- 
cular section). The distance through which 
sand above the tunnel really subsides depends 
on the degree of cohesion of the ground, the 
method of mining, the skill and care of the 
miners, and various other factors. 


Since running ground requires breasting, 
vertical compression of the block of ground 
located ahead of the working face is almost 
eliminated by lateral support. Consequently, a 
certain amount of material will run into the 
tunnel while breasting boards are being manip- 
ulated. This process also causes sand located 
above the tunnel to settle through a distance 
of at least a few percent of the height of the 
working face. In any event, the subsidence of 
the sand located above the tunnel will proba- 
bly be somewhat greater, not smaller, than the 
yield required to reduce the roof load to value 
Hp minimum. While the corresponding load is 
somewhat greater than Hp minimum, the dif- 
ference is immaterial. 


In circular tunnels, the width of the zone of 
arching is greatly reduced by the absence of 
vertical walls. Pressure on the roof is further 
diminished by arching of the roof. Therefore, 
the load on the roof of such tunnels can be 
safely estimated by introducing the value H; = 
0 into the equations shown. 


If we use a condition of loose sand for a 
maximum condition, then 
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if B = 20 ft. Hp = 0.60 (20) = 12.0 ft. 


This can be increased to accommodate inac- 
curacies in mining and fabrication, careless- 
ness in setting steel supports, and differing 
degrees of ground cohesion. Moreover, since 
bore logs do not always indicate conditions 
actually experienced, an additional allowance 
should be made in calculating the loading that 
supports will be designed to carry. 


load on tunnel support 
in flowing ground 


In a tunnel through flowing ground filled 
with compressed air at a pressure equal to the 
water pressure in the voids of the ground at the 
bottom of the tunnel, the ground assumes the 
character of a running, cohesive-running, rap- 
idly raveling or squeezing ground. The load on 
the support in such a tunnel is smaller than it 
would be if the water table were located below 
the bottom of the tunnel and the tunnel were 
filled with air under atmospheric pressure. 
This occurs because, under compressed air, 
part of the load on the roof is carried by the 
compressed air and only the balance acts on 
the roof. 


In free-air tunnels through flowing ground, 
or in tunnels with compressed air of inadequate 
pressure, the rules which apply to load on the 
roof of tunnels through running, raveling or 
squeezing ground lose their validity. The dif- 
ficulty of tunneling in these conditions is ag- 
gravated by important loss of ground from 
local runs or backward erosion by springs, 
which are inevitable. Moreover, large-scale 
movement of the ground towards the working 
face partially destroys the arch action. In this 
situation, the load on the roof may approach 
full overburden pressure. Since the major 
movements in ground surrounding the tunnel 
may occur only in spots, unbalanced pressures 
are likely to develop which may cause distor- 
tion in the tunnel lining. Significant distor- 
tions require re-mining. 


load on tunnel support 
in raveling ground 


mechanics of load build-up 
in raveling ground 


A ground cannot be classified as raveling 
ground unless its stand-up time is long enough 


to permit the installation of at least one unit of plate is still held in place by arch action in a 
support, such as a liner plate. Immediately longitudinal direction. When, after the support 
after the unit is hoisted and bolted into place, course is completed, the working face is 
the load on the unit is equal to zero. At that brought forward to permit installation of the 
time the soil above the newly installed liner next liner plate, support for the front springers 
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Figure 7-1 Granular Material Arching Concept 
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ofthe ground arch isremoved. The weight ofthe 
overburden is assumed by another ground arch 
— with a much wider span — at right angles to 
the center line of the tunnel. Because of its 
larger span, this new ground arch carries less 
than its predecessor. This may cause the first 
installed liner plate to come under load im- 
mediately. 


Raveling ground is running ground with 
particles interconnected by some binder (see 
below). As a result, the ultimate load cannot 
become greater than that on the support of a 
tunnel through running ground of a density 
equal to that of raveling ground. The values for 
this load are determined from 


Dense Sand — Hp min. = 0.27 (B+H,) (7-1) 
for yield of 0.01 (B+H:) 
Hp max. = 0.60 (B+H;) for yield of (7-2) 
Loose Sand — Hp min. = 0.47 (B+Ht) (7-3) 
for yield of 0.02 (B+H,) 
Hp max. = 0.60 (B+H;) for yield of (7-4) 


0.15 (B + Ht) or more. 


B = width of tunnel, and 
H; = height of tunnel. 


The binder delays the time which elapses 
until the load on a support assumes its ultimate 
value. In fast-raveling ground this load may 
reach its ultimate value before the end of the 
service period. In slow-raveling ground the 
load at the end of the service period may still 
be small compared to the ultimate value. 


estimate of load at expiration 
of service period 
in raveling ground 


To estimate the load on temporary sup- 
ports in raveling ground at the end of the ser- 
vice period, let 


T = total time which elapses between min- 
ing at a given point and concreting at the same 
point. 


tg = stand-up time of a long strip of roof 
with a width b equal to the width B of the tun- 
nel. 


If T is smaller than or equal to tg, the load 
on the tunnel support at the end of the service 
period is equal to zero, and no support is 
needed. If Tis greater than tg, the load on the 
tunnel at the end of the service period will be 
roughly equal to 


66 


T — tp 


Hpr = Hp T 


(7-6) 
where Hp is the load on a similar tunnel 
through running ground with a density equal to 
that of the raveling ground. (The values of Hp 
were previously given.) If the stand-up time 
R, of the ground is known, then the value tg 
can be estimated by the Equation (8-5) 


İB us 


where B is the width of the tunnel in feet. 





The following example illustrates the in- 
fluence of unit stand-up time on the load: 


A tunnel, B= 10 ft. wide and H; = 10 ft. high 
is excavated through raveling ground 
above the water table. The ground consists 
of mixed-grained sand with a trace of silt 
and clay. The unit weight is 130 lbs. per cu. 
ft. The time T is 4 days. The value Hp for a 
running soil is determined from 


Hp = 0.50 (B+Ht) = 10 ft. (probably maximum) 


If the unit stand-up time R, of the ground 
is equal to 30 days, 





and the load per sq. ft. is 
Ppr = 2.5 x 130 = 325 lbs. per sq. ft. 


If the unit stand-up time of the ground is 
only equal to 6 days, 


Rs __6 _ 
tB = Fer = 0.6 days 
Hpr = 10 g 22 = BB It. 


and the load per sq. ft. is 
Ppr = 8.5 x 130 = 1,105 lbs. per sq. ft. 


Since the width of the tunnel isincluded in 
the calculations, it has substantial influence on 
the pressure at the end of the service period. 


If the width and height of the tunnel in the 
preceding example were 20 feet instead of 
10 feet, we would obtain for tg only 1.5 days 
instead of 3 days 

Hp = .50 (B + Hı) = 20 ft. 


4— 1.5 
-í 


Hpr = 20 = 12.5 ft. instead of 2.5 ft. 


Ppr = 12.5 x 130 = 1,625 lbs. per sq. ft. instead 
of 325 


If a free-air tunnel through raveling 
ground is located below the water table, water 





seeps through the ground toward the tunnel. 
Although the quantity of water which entersthe 
tunnel may be imperceptible, the seepage pres- 
sure almost doubles the load on the roof. (See 
Chapter 4 of Rock Tunneling with Steel Sup- 
ports for explanation.) Therefore, the load at 
the end of the service period is equal to twice 
the value given alone, or 


T—t 


(7-7) 





If the tunnel is filled with compressed air 
under a pressure p, in lbs. per sq. ft., the com- 
pressed air carries the weight of a layer of soil 
with a height = The load on the roof at the 
end of the service period is 
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(7-8) 


load on tunnel supports 
in squeezing ground 


homogeneous squeezing ground 


Squeezing conditions are most frequently 
met in tunnels through soft or medium clay. 
The ground is considered homogeneous if the 
clay located above the tunnel is neither conspic- 
uously stiffer nor softer than the clay on both 
sides and beneath the bottom. 


As soon as the roof is exposed beyond the 
last rib, the springers of the ground arch, 
which span the space between the last rib and 
the face, lose their support. Consequently, the 
weight of the overburden is transferred onto 
ground arches spanning the tunnel crosswise. 
The load on the temporary tunnel support is 
determined by the load these arches transmit 
to it. 


Arch action generates from resistance 
against sliding between the earth above the 
roof and the adjoining stationary masses of 
earth. 


To estimate the load on the roof support 
of a tunnel in homogeneous clay, it is assumed 
that boundaries between squeezing and sta- 
tionary clay rise from the outer edges of the 
bottom of the tunnel at an angle of 45 degrees 
up to the spring line. Above this level they are 
assumed to be vertical. The average shearing 
strength of the clay located on both sides of the 
tunnel is (qu = unconfined compressive 
strength). The average shearing resistance 
along vertical sections between the ground 
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surface and the level of the top of the roof is s 
per unit of area. 


If the weight of the soil displaced by the 
tunnel arch is disregarded, the total weight of 
the soil, with unit weight w located above the 
area c d, is 

Q, = wH (B+ 2H) (7-9) 
per foot of length of tunnel. The total resist- 
ance against sliding along the vertical sections 
a c and bdis2sH per foot of length of tunnel. 
The unit load on the roof support of a free-air 
tunnel through clay at some distance back of 
the face is 
28H 


H, (7-10) 


Q, —2sH 
-B 12H: B +2 


B +2 Hi =wi— 


Ps = 

The value p, is always greater than the re- 
duced overburden pressure that produces the 
squeeze. This is because p, is determined by 
arch action, whereas the reduced overburden 
pressure is conditioned by half-dome action, 
which is more effective than arch action. If ps 
is negative, the tunnel can be mined 10 or 12 
feet ahead of the last temporary support, pro- 
vided the corresponding settlement of the 
ground surface is not objectionable. If it is 
positive, distance between the support and 
working face must be kept as small as working 
conditions permit. 


Immediately after the temporary support 
is installed over the full width of the tunnel, 
both the roof support and the adjoining hori- 
zontal strips c e and d f in Figure 7-2 carry the 
unit load p, per unit of area. If the unit load on 
these two strips is considerably smaller than 
the unconfined compressive strength q, of 
the clay, the horizontal pressure on the lining 
of the two sides of the tunnel is equal to zero. 
If it exceeds the value qu of the unconfined 
compressive strength of the clay adjoining the 
tunnel, the vertical sides of the tunnel support 
are acted upon by a horizontal pressure with 
the average intensity 

Ph = Ps + 1/2 w Hi— qu (7-11) 

Compressed air under a pressure p. re- 
duces the unit load on the roof from p; to 


20H 


B25 (7-12) 


Pse = Ps — Pe = Wh— pe — 
and the horizontal unit pressure from pp to 


Phe = Ph— Pe = Ps + 1/2wH—qu —pe (7-13) 
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Figure 7-2 Load Action on Tunnels through Homogeneous Clay 


stratified squeezing ground 


The above equations were derived on the 
assumption that squeezing ground in which the 
tunnel is located is more or less homogeneous. 
If it is composed of layers with different de- 
grees of stiffness, the stiffness of the ground on 
both sides of the tunnel may be notably greater 
than the average stiffness of the ground above 
it. In certain cases, it may also be much smaller. 
Variations of strength of the clay at the sides of 
the tunnel have a meaningful influence on the 
load on the support. 


spade clay at the sides of the tunnel 


If the unconfined compressive strength of 
the clay on both sides of the tunnel is signifi- 


cantly greater than the full overburden pres- 
sure, the block of clay located above the roof 
will tend to slide down along vertical sections 
through e and f and not along the sections a c 
and b d. Under this condition, the smallest 
value which the total load on the roof support 
in a tunnel with width B can assume is 


Qe = wBH—2sH—Bp- (7-14) 


where s is the average shearing resistance of 
the ground located above the roof and p. is the 
air pressure in the tunnel. The unit load on the 
roof support is 


Pic = Sie. = w H — 2sH 





ad (7-15) 


However, stiffness of the clay located 


ahead of the working face denies the clay 
above roof level any opportunity to subside 
until it is undermined. To mobilize its shearing 
resistance, the working face must be kept 
ahead of the last support more than distance B 
at least. Otherwise, the load on the roof sup- 
port undoubtedly will be greater than the value 
given by Equation (7-15), but not greater than 
w H — pe. 


softer clay at sides of the tunnel 


If the clay at both sides of the tunnel is 
much softer than the clay above the roof, the 
width of the block of clay which subsides will 
be much greater than B + 2 H;. Clay adjoin- 
ing the walls of the tunnel will yield under 
pressure exerted by the springers of the normal 
ground arch, whereupon the springers will 
move a greater distance from the tunnel. It is 
estimated that the span of the ground arch may 
assume a value up to B+ 6 H. 


To compute the roof pressure, we replace 
the value B + 2 H; in the above equation for Pse 
and obtain 


2s H 


BFH; in 


Pre = w H — pe - 

The side pressure is equal to Ppke reduced 
by the unconfined compressive strength of the 
soft clay or 


Phke = Pke — Qu (7-17) 

Subsidence of the overburden clay starts 
some distance ahead of the working face. 
Hence, part of the shearing resistance of the 
stiff overburden clay will be mobilized before 
it is undermined. 


pressure exerted by swelling clay 


All swelling clays are hard or stiff, but 
many varieties of hard or stiff clays exist which 
do not swell visibly. Clearly, the degree of 
swelling depends on several other factors be- 
sides the consistency of the clay. 


Mining through intact, swelling clays is 
usually easy because these clays are unlikely to 
start swelling and become troublesome until 
about one week after they have been exposed 
in the tunnel. During the normal service 
period of temporary supports in such tunnels, 
the load, being very small, barely surpasses, if 
at all, those on similar supportsin non-swelling 


clays with equal consistency. Nevertheless, if 
concreting is delayed, pressure steadily in- 
creases and may even crush the supports. 


If swelling clay contains a network of 
joints, the swelling process probably will start 
soon after the clay has been exposed. In such 
clays, the support should be installed and back- 
packed as rapidly as conditions allow. In other 
words, these joints should not be given an op- 
portunity to expand and open. In spite of these 
precautions, the load on the tunnel support 
may increase during the service period to the 
full overburden pressure. 


design load for temporary 
tunnel supports 


general considerations 


Temporary tunnel supports should be able 
to carry load under normal mining conditions 
as well as under common varieties of emergen- 
cies such as those caused by a blowout or a 
local run. 


Load equations previously discussed were 
developed on the assumption that the shear re- 
sistance of the ground above the tunnel is fully 
active. In practice, this condition is by no 
means guaranteed. The difference between the 
actual and a theoretical load depends on such 
everyday factors as the skill and experience of 
the miners, which may change from job to job. 


Table 7-2 offers recommendations for es- 
timating the load on which the design of the 
temporary supports in earth tunnels should be 
based. The loads are given in feet. They are 
designated by Ha. The vertical pressure on the 
tunnel support, Pa, in lbs. per sq. ft. of the hori- 
zontal projection of the roof of the tunnel is 
equal to 

pa = w Ha (7-18) 
where w is the average unit weight of that part 
of the overburden which determines the load 
on the roof of the tunnel. In running and in 
raveling ground, w is equal to the average unit 
weight of the soil, solid and water combined, 
which is located between the roof of the tunnel 
and a height above the roof equal to the width 
of the tunnel. For free-air tunnels through 
flowing ground, and in tunnels of any kind in 
squeezing ground, it is equal to the average 
unit weight of the entire overburden. If the value 
of w is not determined by tests on samples ob- 
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tained from test borings, it can be estimated on 
the basis of values contained in Table 7-3, 
“Unit Weight of Typical Soils in Natural State”. 
During heavy rainstorms the soil is likely to be 
nearly saturated all the way to the ground sur- 
face. Therefore, pressure on the roof of tunnels 
should be computed on the basis of the weight 
of soil in a saturated state. Exceptions should 
be made only for soils located above the water 
table in arid regions. The following paragraphs 
expand upon the reasoning which led to these 
recommendations. 


running ground above the water table 


The minimum values for load on the roof of 
tunnels through running ground are given by 
the following equations 


Dense Sand — Hp min. = 0.27 (B + Ht) (7-1) 
for yield of 0.01 (B + Ht) 


Loose Sand — Hp min. = 0.47(B + Ht) (7-3) 
for yield of 0.02 (B + Ht) 


The margin of subsidence within which the 
roof load is very near to the minimum value is 
rather wide. It should be noted, too, that the 
above formulas refer to tunnels with a flat roof. 
The load on an arched roof with equal span is 
almost sure to be much smaller. Considering 
these facts, it seems appropriate to make the 
design load A, for tunnels through loose run- 
ning ground equal to 


Ha = 0.50 (B + H;) (7-19) 


for running ground with medium density 


Ha = 0.40 (B + Hg) (7-20) 
and for dense running ground 
Ha = 0.30(B + H;) (7-21) 


For tunnels with a circular cross-section of 
diameter D, the load on the roof is obtained by 
substituting B = D and H; = 0 in the above. 


running ground in 
compressed-air tunnels 


If the tunnel is filled with compressed air 
under pressure equal to the water pressure at 
the bottom of the tunnel, cohesionless or 
slightly cohesive ground takes on the character 
of running or cohesive-running ground. Part of 
the weight of the overburden is carried by the 
air pressure, another part by arch action, and 
the balance transfers to the tunnel roof. Under 
normal mining conditions, the load on the tun- 
nel support will be less than the load on the 
support in a free-air tunnel through the same 
ground in a drained condition. In the event of a 
blowout, the load increases almost instanta- 
neously. In addition, the footings of the ribs 
may sink into the ground. It is therefore ad- 
visable to disregard the load-relieving effect of 
compressed air. The design load should be pre- 
sumed equal to the values given by the equa- 
tions shown in the section “Running Ground 
above the Water Table.” 


Table 7-1 


Design Load Hg in Feet of Earth 
Unit Weight W in Pounds per Cubic Foot 


Roof of Temporary Support in Earth Tunnels with Width B and 
Height Ht (Ft.) at Depth of More than 1.5 (B + Ht) 


Po = air pressure in Ibs. per sq. ft. = 144 Po, when po is given in Ibs. per sq. in. 


H 


vertical distance between ground surface and tunnel roof, in feet. 


S = average shearing strength of ground above roof, in Ibs. per sq. ft. (assumed Aus, 


= 
Ii 


Canai 
II 


2 


average unit weight of soil above roof of tunnel, solid and water combined, in Ibs. per cu. ft. 


ş = Stand-up time of unsupported strip of roof width b (raveling ground), in minutes. 


+ 
| 


= time which elapses between mining and completion of permanent structure, in minutes. 


The load Hg in feet of ground is converted into Ibs. per sq. ft. of projected roof area, py, by means of the equation, 


Type of 
Ground 


Running ground 
above water table 


Running ground 
in compressed-air 
tunnel 


Flowing ground 
in free-air 
tunnel 


Raveling ground 


Squeezing ground 


Swelling ground 


Table 7-2 


Ground 
Condition 
Loose 
Medium 
Dense 


Above water table 


Below water table 
(free air) 


Below water table 
(compressed air) 


Homogeneous 


Soft roof, stiff sides 


Stiff roof, soft sides 


Intact 


Fissured, above water 
table 


Fissured, below water 
table, free-air tunnel 


“For circular tunnels, H+ = O. 


Description 


Uniform Sand or silt 
Loose 


Dense 
Mixed-grain sand 

Loose 

Dense 
Glacial till, very 
mixed-grain 


Soft glacial clay 
Stiff glacial clay 


Soft, slightly 
organic clay 


Soft, very 
organic clay 


Design Load” 
Hd 


0.50 (B + H+) 
0.40 (B + Hy) 


0.30 (B + Ht) 


Remarks 


Disregard air pressure; Hg equal to that for running 
ground, above water table with equal density; 
circular lining or floor indicated. 


H or 2 (B + Hy) 
whichever is smaller. 


121 Hd (running) 
Lt 2Hq (running) 
p 
JT -t « 
Fo AH w 
y. Pe Wy 
w 2 w (B+ 2 #;) 
Bo Sy. 
W 2wB 
H- Po _ Hq 
"w 2w(B+6H,) 
Very Small 


Hg equal to that for ravel- 


ing ground with same 
stand-up time H. 


Table 7-3 
Unit Weight of Typical Soils in Natural State 


Void Ratio 
e Dry State 

.85 90 
51 109 
.67 99 
.43 116 
20 132 

1.20 — 
.60 — 

1.90 — 

3.00 — 


Volume of Voids 


Void Ratio e = 


Volume of Solids 


Circular lining or stiff 
floor required. 


Circular lining or 
floor indicated. 


Circular lining or 
floor indicated. 


After complete blowout, 
Pc = 0. In this event the 
stress in ribs should not 
exceed yield point of steel. 


Permanent roof support 
should be completed with- 
in a few days after mining 
or else compressible ribs 
should be used. 


Unit Weight in Lbs. Per Cu. Ft. 


Saturated State 


118 
130 


124 
135 


145 
110 
129 


98 


89 


Submerged Unit Weight — Unit weight in saturated state reduced by unit weight of water (62.4 Ibs. per cu. ft.) 
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flowing ground in free-air tunnels 


Flowing ground is encountered only in 
free-air tunnels through water-bearing sand or 
soft, organic silt; or in compressed air tunnels 
through these materials at an air pressure too 
low to dry the bottom. The load on the support 
in these tunnels should be assumed equal to 
the full height H of the overburden or to 2 (B+ 
H; ), whichever is smaller. 


raveling ground 


The load acting on temporary tunnel sup- 
ports through raveling ground at the end of a 
service period is determined by 


Hpr = Hp 8 (7-6) 
The design load is obtained by introducing into 
this equation the value for Hg in running 
ground with the same degree of compactness. 
To provide for the possibility of a full blowout, 
Dc should be assumed equal to zero. Allowable 
stresses in the support can be increased to the 
yield point of the steel as an accomodation to 
blowouts, should they be anticipated. 


squeezing ground 


In tunnels through squeezing ground it is 
doubtful whether mining operations mobilize 
more than three-quarters of the ground’s shear- 
ing resistance. Load on the tunnel support can 
be expected to increase continuously during 
the service period. To compensate, designs of 
temporary tunnel supports should be based on 
the supposition that shearing stresses on both 
sides of the subsiding part of the overburden 
are equal to one-half of the shearing resistance 
of the overburden material only. 


The subsidence required to mobilize one- 
half of the shearing resistance s of the ground 
is small compared to that needed to mobilize 
full shearing resistance. It seems safe to as- 
sume that substituting > for s, takes care of 
both the incomplete mobilization of the shear- 
ing resistance and the gradual increase of the 
load during the service period of a temporary 
support. So, by substituting 5 for s (which, in 
turn, is equal to 7» into the following 





Pse =w H— pe -P+ 2R (7-12) 
Pje = w H— 2$ — pe (7-15) 
ie = wH— me 2sH 

B+6H; (7-16) 
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We obtain for the design load for temporary tun- 
nel supports in homogeneous clay 


_ ae .. gp. Pe _ Agu 
Ha = t 2wi(B+2M) 


Ww Ww 


(7-22) 








If the clay on both sides of the tunnel is plainly 
stiffer than the overburden clay, then 


Hy = Ble. yp De _ Fu (7-23) 
w w 2wB 


and if it is much softer 





à Agu 
2w (B+ 6H) 








Hy, = Ere i, TE eee 
Ww w 


(7-24) 


Using the above equations for determining Hg, 
the weight on the roof per unit area can then be 
determined using 

Pa = w Ha (7-18) 
and the horizontal pressure on the vertical 
walls is equal to pa reduced by the unconfined 


compressive strength qu of the clay adjoining 
the walls. 


In the event of a blowout, vertical pressure 
on the tunnel support suddenly increases by an 
amount equal to the air pressure. The cor- 
responding weight pq per unit of area on the 
support is obtained by substituting into the 
above equations the value p. = 0. Inasmuch as 
the possibility of such an event is somewhat 
remote, the tunnel support should be con- 
sidered satisfactory if the stresses in the sup- 
port, after loss of air, do not exceed the yield 
point of the steel. 


swelling ground 


In intact, swelling ground, temporary sup- 
port is not likely to be required, provided the 
permanent support is installed within a few 
days after a section is mined. 


The design load for fissured, swelling 
ground located above the water table is equal 
to that for raveling ground with the same stand- 
up time. Temporary support for fissured, swell- 
ing ground beneath the water table should be 
designed for full overburden pressure; circular 
lining is advisable. 


allowable load on footings 
in earth tunnels 


The allowable load on footings of support 
systems in tunnels should not go beyond two- 
thirds of the ultimate bearing capacity of the 


footing at the expiration of the footing service 
period. Otherwise, chances favor undue settle- 
ment. And if the design does not incorporate a 
certain margin of safety with respect to fail- 
ure, an undetected weak spot in the bottom of 
the tunnel may cause the support to collapse. 


Ribs are commonly supported on continu- 
ous footings, the tops of which are almost flush 
with the bottom of the tunnel. The laws of soil 
mechanics give the ultimate bearing capacity 
of such footings as 


ai = 5 Ne + lu (7-25) ! 


br = width of the footing in feet 

qa = ultimate bearing capacity in lbs. per 
sq. ft. 

s = shearing resistance in lbs. per sq. ft. 

w = unit weight of soil in lbs. per cu. ft. 
N. and N,, = coefficients whose value de- 
pends on the angle of internal friction, ø, 
of the soil. 


The soil constants contained in the above 
equation — such as s and N. — are entirely 
independent of the character of the soil found 
above the level of the bottom of the tunnel. 
These are the constants of only that soil lo- 
cated between the bottom and a few feet below. 


footings on firm ground 


Footings on firm ground can be safely 
loaded with 5 to 6 tons equal to 10,000 to 
12,000 lbs. per sq. ft. If the bottom of the tun- 
nel is firm, support of the ribs presents no 
problem. 


footings on dry or 
moist, running ground 


Running ground consists of clean, cohe- 
sionless sand or sand-and-gravel located above 
the water table. For these soils the value N. in 
Equation (7-25) is equal to zero, and the ulti- 
mate bearing capacity is 


Nw 
qq = b Se (7-26) 


u Nu 
The value 5 depends on the degree of com- 
pactness of the soil. For any given soil, unit 
weight w, angle of internal friction ®, and the 
value of N,, increase with increasing density. 
The amount of influence density has on ulti- 
mate bearing capacity is illustrated in the 
Load-Settlement Graph, Figure 7-4, which dia- 
grams the results of loading tests on one-foot 


square bearing blocks. The bearing capacity of 
continuous footings is approximately equal to 
1.2 times the bearing capacity of square foot- 
ings with equal width b, in Equation (7-26). 


According to test results shown in Figure 
7-4, the ultimate bearing capacity of square 
footings (one foot by one foot) ranges between 
1.0 ton for loose sand and 10.0 tons per sq. ft. 
for dense sand. The corresponding values for 
continuous footings with a width 6; equal to 
one foot are 2400 and 24,000 lbs. per sq. ft., 
respectively. Introducing these values for qd 
and the value = 1 ft. into Equation (7-26), 
the valueof N, 

2 
ranges between the limits of 2400 and 24,000 lbs. 
per sq. ft. The ultimate bearing capacity of sand 
per square foot of area covered by continuous 
footings with width bf is equal to 


qa = 2,400 by lbs. per sq. ft. for very loose 


sand 
qa = 13,200 by lbs. per sq. ft. for medium 
sand 
qa = 24,000 by lbs. per sq. ft. for very dense 
sand 


Under these loads, footings penetrate deep- 
ly into the ground. To avoid settlement of more 
than about one-half inch, footings should not 
be assigned more than two-thirds of these 
values 


qa = 1,600 by lbs. per sq. ft. for (7-27) 

very loose sand 

qa = 8,800 bf lbs. per sq. ft. for medium 
sand 

qa = 16,000 bflbs. per sq. ft. for very dense 
sand 


The allowable load per foot of length of a 
footing with a width br is 


Qa = Ga by (7-28) 


Reference will be made to these values as the 
allowable soil pressures for footings of ribs in 
tunnels through running ground. 


The following example shows the influ- 
ence of density of running ground on dimen- 
sions of rib footings. A tunnel 20 feet wide and 
20 feet high is to be constructed in loose, run- 
ning ground with a unit weight w of 100 lbs. 
per cu. ft. The design load on the roof is 


Ha = 0.50 (B + Hi) = .50 (20 + 20) = 20 ft. 


1K. Terzaghi and R.B. Peck, Soil Mechanics in Engineering Practice, John Wiley & Sons, Inc., New York, 1948, Part B, Art. 29. 
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Figure 7-4 Load Settlement Curves for Square Footings on Sand 


The curves show the results of loading tests on bearing 
plates, one foot square, performed on different jobs, on 
sands with very different densities. The abscissas of each 


The load per foot of length of each footing is 


Pa = w Ha - = 100 x 20 x 10 = 20,000 lbs. per ft. 


The allowable unit load 9a on the base of the 
footing (Equation (7-27) is 1600 dr lbs. per sq. 
ft., where bp is the width of the footing. The 
allowable load per foot of length of the footing 
is 


Qa = 1,600 b; 
It must be equal to the load P4, 
1,600 b = 20,000 


_ ,/ 20,000 _ 
+= Ton “86 Fe 


Since it is impractical to provide ribs with 


curve represent the total load on the plate and the ordi- z 
nates, the corresponding settlement. 


footings 3.6 feet wide, the tunnel should be 
floored or given a circular cross-section. 


If the same tunnel is located in dense, run- 
ning ground with a unit weight w of 120 lbs. 
per cu. ft. 


Ha = 0.30 (B + Hı) = 12 ft. 
Pa = w Ha > = 14,400 lbs. per ft. 


The allowable load per unit of length of the 
footing is 


Qa = 16,000 b; 
16,000 b? = 14,400 
br = .95 ft. 


This width is so small that ribs can be sup- 
ported on square-foot blocks. 





footings on flowing ground 


If the bottom of a tunnel is in flowing 
ground of any type, the bearing capacity ofthe 
bottom is practically non-existent, and it is 
totally unfeasible to use footings to support 
ribs. It is then necessary to construct the tunnel 
with a cylindrical lining or build in a stiff floor. 


footings on dry or moist, raveling ground 


Most raveling ground, with the exception 
of stiff or hard-jointed clays, have a high sand 
content which creates certain internal friction. 
They usually contain some silt, and their capac- 
ity to ravel indicates at least some cohesion. 
The presence of silt reduces the ultimate bear- 
ing capacity, while cohesion increases it. Bear- 
ing capacity of a dry or moist, raveling ground 
with a high sand content can be assumed to be 
roughly equal to that of a cohesionless sand 
with a similar degree of compactness. 


footings on raveling ground in free-air 
tunnels below the water table 


If a tunnel through raveling ground is lo- 
cated below the water table, the bottom of the 
tunnel is bound to be wet and, with time, be- 
comes softer. The rate of decrease and the 
final value of the bearing capacity of the bot- 
tom depend on the character of the soil and its 
permeability, along with other factors. 


If the invert can be concreted within 24 
hours after the footings are installed, decrease 
in this bearing capacity which occurs during 
the service period of the footings usually can 
be disregarded. If the bottom softens rapidly, 
or if the invert cannot be concreted within 24 
hours, a stiff floor or circular lining is required. 


footings on clay 


Soft or medium clay behaves in the field 
as if its angle of internal friction ® and the cor- 
responding value of N, in Equation (7-25) 
were equal to 5.7 for continuous footings. The 
shearing resistance s is roughly equal to one- 
half of the unconfined compressive strength Qu 


of the clay. The ultimate bearing capacity of 
continuous footings on clay is then equal to 


qq = lu = 2.85 Qu (7-29) 


per unit area. If the width of a footing on a 
medium clay is two feet with unconfined com- 
pressive strength qu = 800 lbs. per sq. ft., the 
ultimate bearing capacity of the footing is 


by x qd = 2 2.85 x 800 = 
4560 lbs. per foot of length 
( by = predetermined width of footing) 


If a load of this intensity were imposed on 
the footing, it would sink into the ground and 
keep on sinking. Failure of a footing on clay 
causes settlement to be much greater than 
failure on sand. Therefore, the allowable load gu 
per unit of area of the base of the footing is 
taken as one-half of the ultimate bearing ca- 
pacity. (Equation 7-29) 


Id 
= —— = 1.43 
Qa 9 Qu 


(7-30) 
Under a unit load ga the settlement of the foot- 
ing should not increase during the service peri- 
od of the temporary tunnel support much be- 
yond a value of half an inch. 


footings in compressed air tunnels 
through clay 


Should a blowout occur in a tunnel (width 
B) with air pressure p., the load on the foot- 
ings increases during the blowout by 


Pe B 


< 


2 

per unit length of the footings. If, at this stage, 
the load on the footings surpasses the ultimate 
bearing capacity of the clay, the footings sink 
into the ground and the tunnel support becomes 
distorted. Therefore, in compressed-air tunnels, 
footings should satisfy two independent condi- 
tions. While the tunnelis filled with compressed 
air, the load on the footings should not exceed 
one-half of the ultimate bearing capacity ga; 
and, in the event of a blowout, the load should 
be somewhat smaller than the ultimate bearing 
capacity Qd. 
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Chapter 8 
Shield Method of Tunneling 


A shield can be likened to a huge biscuit 
cutter being shoved through the ground as ex- 
cavation progresses. Techniques and the ap- 
purtenances of shield tunneling are compre- 
hensively described in a standard handbook 
titled Shield and Compressed Air Tunneling. 
This chapter primarily serves to introduce 
those fundamental principles of shield tunnel- 
ing that must be considered in choosing be- 
tween shield tunneling and hand-mining. 


principle of shield method 


Excavation of an earth tunnel is done in 
cycles. Each cycle consists of excavating the 
working face ahead a certain distance and 
erecting support. The distance advanced at 
each cycle depends largely on the type of 
ground and usually does not extend beyond the 
spacing of steel sets or the width of one course 
of liner plates. 
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A shield functions as a mobile support for 
the earth which would otherwise be exposed 
while mining one cycle. All the temporary sup- 
ports which have been described are, in fact, 
several pieces assembled by hand labor and 
left in place, whereas a shield is a single piece 
which is shoved forward by hydraulic jacks as 
the tunnel is excavated. Each shove corre- 
sponds to one cycle. Erection of the lining fol- 
lows the shield and actually proceeds under 
the protection of the rear of the shield. 


A one-piece shield was first patented by 
Peter W. Barlow in England in 1869. The first 
were used simultaneously in two projects an 
ocean apart — one was a tunnel under the 
Thames River in London; and the other was the 
Broadway Tunnel through dry, sandy ground 
in New York City. 


essential parts of the shield 


Figure 8-1 shows the essential parts of a 


Diaphragm 
or 


Cross Braces 





Figure 8-1 Simplified Section through Heading of a Shield 
Tunnel Showing the Essential Parts of the Shield 


1B.H.M. Hewett and S. Johannesson, Shield and Compressed Air Tunneling, McGraw-Hill Book Co., New York, 1922. 
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shield — the skin, the internal structure or dia- 
phragm, and the hydraulic jacks. The skin isa 
short, cylindrical steel tube, reinforced by an 
internal structure, which is a ring essentially 
incorporating jack pockets and heavy girders 
running horizontally and vertically. Working 
platforms are attached to and supported by 
these girders. This structure also provides the 
stiffness a shield demands. 


Spacing between jacks ranges between 2.5 
and 6 feet, the ordinary spacing being about 
3 feet. The rear end of each jack bears against 
the front face of the tunnel lining. That part of 
the skin which projects forward of the internal 
structure serves as a cutting edge. If this edge 
strikes an obstacle such as a boulder, it is sub- 
jected to heavy, concentrated pressure. There- 
fore the edge must be heavily reinforced, as 
shown in Figure 8-1. The rear part of the skin 
is the tail of the shield. It surrounds and en- 
closes the front end of the lining not unlike a 
sleeve. In some shields the cutting edge in the 
upper part is slightly larger than the skin so as 
to reduce skin friction and help negotiate curves 
and corrections of alignment. 


The minimum length of the skin is deter- 
mined by (a) the minimum width of the work- 
ing space needed to excavate the ground ahead 
of the internal structure, (b) the dimensions of 
the jacks, and (c) the necessity for the tail of 
the shield to always overlap the tunnel lining 
by at least a half-course when the jacks are 
extended. The length of the skin varies but 
generally ranges between 13 and 17 feet. 


In large shields, internal girders are spaced 
so that they enclose two or more ports with a 
clear height of at least 6 feet and a clear width 
of at least 3 feet. Figure 8-2 is a photograph of 
a shield with 6 ports. The horizontal girders 
reinforce the shield and also support the work- 
ing platform, as shown in Figure 8-3. Since 
spacing between working platforms is no more 
than 7 or 8 feet, every part of the working face 
can be reached rapidly by hand; this arrange- 
ment not only reduces hazards in times of 
emergency, but affords simultaneous access to 
all portions of the face. 


If the ground requires breasting, these gird- 
ers and platforms facilitate the bracing of 
breast boards. When this is necessary, cylin- 
ders advance the platforms permitting the 
breasting to be braced to the platforms. When 
the shield is advanced, the control valves ac- 
tuating the platform cylinder are left open to 
the high pressure line. The more powerful shov- 
ing jacks cause the weaker platform jacks to 
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collapse while under full pressure. Thus pres- 
sure against the breasting is maintained with- 
out resetting the braces. 


If a shield is to be used in water-bearing 
ground, appropriate provisions must be made 
to close the ports by stop-logs or hydraulically 
operated gates. 


If a shield is to be used in rapidly raveling 
or running ground, the upper part of the skin 
is normally designed with a roof-shaped, for- 
ward extension called a hood. It functions the 
same as poling boards in hand-mined tunnels; 
i.e., it supports the roof section between the 
diaphragm and the working face. Shields 
equipped with a mechanical excavator have 
made phenomenal progress in ground suitable 
for this type of operation. 


lining of shield tunnels 


Most of the earlier shield-driven tunnels 
were lined with cast iron rings composed of 
segments. For structural reasons, no secondary 
lining was needed. Whatever concrete was 
added only provided a smooth interior finish 
or the cross-section specified in the tunnel de- 
sign. 


In 1928 a primary lining of fabricated steel 
segments was used for the first time on a shield- 
tunnel job involving the land sections of the 
Detroit-Windsor traffic tunnel. Subsequently, 
segmental steel linings were used on the East 
Boston traffic tunnel, the shield-tunnels of the 
Chicago subway, and a variety of sewer, water, 
and subway tunnels of many different diam- 
eters. In addition to the basic qualities of steel, 
these linings offer certain economic advan- 
tages. 


By far the greatest force acting on a steel 
lining is the thrust of jacks. This thrust pres- 
sure must be transmitted back through the 
tunnel lining sometimes for an appreciable dis- 
tance. Therefore, it is usually necessary to rein- 
force the skin plate with heavy longitudinal 
steel members called jack steel. 


The weight of reinforced skin plates is 
greater than would be required for steel sup- 
ports in hand-mined tunnels with the same 
dimensions in the same ground. The fabrica- 
tion cost per pound is higher. Therefore, the 
cost of shield-tunnel lining per foot of tunnel 
length can be substantially higher than for a 
hand-mined tunnel. Part or all of this greater 
cost may be recovered in faster advance of the 
heading. 
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Figure 8-3 


Horizontal girders reinforce the shield and also supportthe working platform. 











Before a new ring is installed, the shield 
must be shoved forward over a distance equal 
to the width of the ring, which ranges between 
18 and 48 inches. Except in certain types of 
very soft ground, the ground ahead is exca- 
vated leaving only a thin layer all around to be 
trimmed by the shield. After the shield has 
been shoved forward, jacks are retracted and 
the ring is assembled inside the tail of the 
shield. In small tunnels, this work is performed 
by hand labor; in large tunnels, it is done with 
the aid of mechanically operated segment 
erector consisting of an extensible arm which 
revolves around a shaft located on the center 
line of the shield. 


steering of the shield 


Even in straight tunnels, shields tend to 
deviate in any kind of ground from the path 
prescribed for their center points. Causes of 
and corrective measures for these deviations 
are discussed in Shield and Compressed Air 
Tunneling. The current technique is to push 
with all jacks, and to retract other jacks to 
steer. Older methods entailed pushing with 
some of the jacks and adding jacks to steer. 


Because of these inevitable deviations, 
shields must be continuously led back to the 
position that maintains the alignment of the 
tunnel. This is accomplished by angling the 
shield with reference to the center line of the 
lining. The principle of angling is depicted in 
Figure 8-4; it involves giving the shield a lead, 
which is done by exerting pressure on only 
one group of jacks until the shield has kicked 
around to the prescribed direction. The term 
lead is also used to indicate the distance over 
which the most advanced point of the shield 
has moved in the direction of the center line of 
the tunnel with reference also to the corre- 
sponding point on the opposite side of the 
shield (see Figure 8-4). If part of the center line 
of the tunnel contains horizontal or vertical 
curves, the shield must be advanced in the 
curved sections at an angle to the center line of 
the last course of lining. The required angle 
depends on the radius of curvature of the cen- 
ter line and the width of the course. The lead 
required to keep the center of the shield on the 
curve must be added to the lead needed to cor- 
rect unintentional deviations. 


clearance 


A shield cannot be angled unless the lining 
and the tail of the shield are separated from 
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Lining 
Figure 8-4 Iron-Bound Shield 


When a shield has been angled until the tail touches 
the lining at two Points d, it is said to be iron-bound. It 
is therefore impossible to erect the next ring of lining. 


Reducing the diameter of the lining increases the clearance 
between tail and lining, which in turn permits the greater 
angling necessary for sharp curves. 


each other by an annular space, as shown in 
Figure 8-1. This space is known as clearance. 
If the clearance is insufficient, or if the shield 
is given an excessive lead, the tail touches the 
lining at two points on opposite sides, points 
d in Figure 8-4, after which the shield is said to 
be iron-bound. Once a shield is iron-bound it is 
very difficult or even impossible to erect the 
next ring of the lining, as indicated by the 
broken line in Figure 8-4, which represents the 
position of the next course of lining to be in- 
stalled. 


In straight tunnels, a clearance of 3/4 inch 
is usually sufficient to prevent the shield from 
becoming iron-bound. In curved tunnels with a 
radius of curvature of more than about 800 feet, 
a clearance of 3/4 inch is also adequate, pro- 
vided the lining includes a sufficient number of 
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tapered courses. In curves with a radius of less 
than 800 feet, greater clearance is required un- 
less the advance per cycle and the correspond- 
ing width of the rings of lining are reduced. 
Since the inside diameter of the tail cannot be 
altered, additional clearance can only be ob- 
tained by reducing the outside diameter of the 
lining of the curved section, if larger clearance 
is not desired in tangents. 


grouting or graveling 


The advancing shield leaves in its wake an 
empty annular space, its width equal to the sum 
of the clearance and the thickness of the skin 
(see Figure 8-1). Invasion of this space by earth 
causes settlement and may lead to uneven dis- 
tribution of pressure over the outside of the lin- 
ing, possibly causing its deformation. To avoid 
these problems, this space is customarily filled 
as rapidly as it is created, i.e. while the shield 
is being shoved. 


Grouting with cement mortar, often with 
various admixtures, is the most common way 
to fill this space. There are two disadvantages 
to this: first, grouting requires skilled opera- 
tors and, second, the grout remains soft for at 
least several hours. Even if done with great 
care, quantities of grout may run into the tun- 
nel through the slit between the tunnel lining 
and the tail of the shield. On many tunnel jobs, 
filling is done with pea gravel forced into place 
by compressed air. The injected material be- 
comes highly compact and practically incom- 
pressible the instant it is deposited. However, 
open voids in a gravel filling make it easier for 
air to escape from the tunnel. If tunneling con- 
ditions necessitate a reduction in the loss of air, 
it is advisable to subsequently plug these voids 
by injecting a cement grout or an emulsion 
which will solidify in the voids. 


Horizontal temporary tie rods are common- 
ly placed in the lining to prevent lateral defor- 
mation until the backfill grout sets up. These 
also serve to support the working floor from 
which the grouting is done in the crown in 
larger tunnels. 


excavation in shield tunnels 


In any ground except soft, organic silt or 
very soft clay, excavation in shield tunnels 
must be performed ahead of the diaphragm, be- 
cause resistance by the ground against dis- 
placement by the shield is too great. Excava- 
tion is made to a diameter slightly smaller than 


the outside diameter of the shield’s skin. Thus, 
when the shield is advanced, the cutting edge 
merely trims the walls of the excavated cavity. 
Trying to push when the cutting edge is too 
deeply embedded causes vibrations in the 
ground which result in excessive settlement. 


The difficulties connected with hand-exca- 
vation in a shield tunnel are similar to those 
encountered in hand-mined tunnels. But be- 
cause shields can be fitted with a hood extend- 
ing beyond the working face, they offer addi- 
tional protection. A hood has the same func- 
tion as steel poling boards in a hand-mined 
tunnel. What’s more, it is a single unit and does 
not require special handling. It supports the 
roof of the excavation ahead of the diaphragm 
and protects the miners working at the face. 


Any ground which would require breasting 
in a hand-mined tunnel must also be breasted 
in a shield tunnel. Again, shields offer a certain 
advantage. Inasmuch as the beams which com- 
pose its internal structure effectively subdivide 
the face into panels, each can be more easily 
breasted than a large working face without any 
subdivisions. If the shield is equipped with hy- 
draulically operated, collapsible platforms (as 
shown in Figure 8-3), bracing of breast boards 
is further simplified and therefore more ex- 
pedient. 


Another advantage of shields in water- 
bearing ground is that the ports (in its internal 
structure) can be closed quickly in the event of 
a blow. This capability reduces the hazard 
to miners, particularly in subaqueous tunnels. 
On the other hand, the difficulties in maintain- 
ing air pressure required to dry up the bottom 
of a shield tunnel can be as serious as those 
under similar conditions in hand-mined tunnels. 


closed-shield method 


In shield tunnels through soft, organic silt 
or soft clay, excavation ahead of the shield is 
not always necessary since tunnels through 
such soils can be advanced rapidly by shoving 
the shield into the ground ahead of the shield. 
This technique is known as the closed-shield 
method. It is both economical and expeditious. 


If there is no objection to the formation of 
a high mud ridge above the tunnel, the shield 
can be shoved with all ports closed thereby 
displacing the ground. This procedure, called 
blind shoving, has been used on several tunnels 
under the Hudson River in silt. However, it was 





found that both the shield and the lining had a 
marked tendency to rise toward the surface. 
This tendency was counteracted by allowing 
part of the material ahead of the shield to ex- 
trude into the tunnel through openings in the 
diaphragm. The openings in the shield facili- 
tated steering, and the muck was left in the 
tunnel to weigh it down. 


When shields are shoved through silt, the 
consistency of the material entering the tunnel 
depends to a large extent on the air pressure 
in the tunnel, since this air pressure prevents 
the silt at the face from softening. This phenom- 
enon was observed during the construction of 
the Hudson River tubes of the Pennsylvania 
Railroad in 1903 and 1906. Located in Hudson 
River silt, these tubes, which have an outside 
diameter of 23 feet, cross the river between 
New York and Weehawken, New Jersey on a 
line with 33rd Street in New York. 


The following description of Hudson River 
silt is quoted from Shield and Compressed Air 
Tunneling, by Hewett and Johannesson. 


“As soon as the shields crossed the river 
bulkhead and entered under the river the silt 
was found to be much softer than under land. 
It was like a fluid. The fluidity could be 
changed by varying the air pressure in the tun- 
nel. When the air pressure was equal to the 
pressure of the overlying material, namely that 
of the water plus that of the silt, the silt was 
quite stiff and resembled a rather soft clay. 
When the air pressure was 10 to 15 lbs. per sq. 
in. lower, the silt became so liquid that it would 
flow through a 1-1/2 inch grout hole in the 
lining, in a viscous stream at a rate of from 10 
to 15 gallons per minute, as soon as the plug 
was removed.”! 


The minimum intake of muck into the tun- 
nel (to avoid a troublesome rise of the shield) 
increases with the increasing diameter of the 
tunnel. This increase ranges between about 5 
percent for small diameter tunnels to about 30 
percent for large tunnels. Displacement of the 
remainder of the muck lying in the shield’s 
path can heave the ground surface above the 
tunnel. 


As said before, movement of the ground 
surface in built-up areas can create problems. 
In order to reduce these surface movements 
to the absolute minimum, the volume of muck 


taken into the tunnel must be adjusted so that 
it is slightly less than the volume displaced by 
the shield. The surface heave disappears again 
after the shield passes since such movement 
is always followed by a similarly slight subsid- 
ence of the ground surface. This method of 
controlling the intake and displacement of 
muck was used successfully during construc- 
tion of the shield tunnels of the Chicago sub- 
way. 


Mining a tunnel through soft, organic silt 
or very soft clay by hand requires higher air 
pressure than constructing the same tunnel 
through the same ground with a shield. By in- 
creasing air pressure, both the danger of blow- 
outs and the cost of excavation multiply. Op- 
erating costs, when using high air pressure, can 
be greater, possibly, than the cost of driving a 
tunnel with a shield. Conversely, if lower air 
pressure is used, the loss of ground will probably 
be excessive. Therefore, in building large tun- 
nels through soft, organic silt or very soft clay, 
the shield method is generally more economi- 
cal than mining by hand. 


choice between shield 
method and hand mining 


The term hand mining denotes construc- 
tion of a tunnel with the aid of temporary sup- 
ports assembled by hand labor in the tunnel. 
The essential difference between a hand- 
mined and a shield-driven tunnel is the protec- 
tion provided for excavating and while erecting 
the temporary support because of this protec- 
tion faster progress can be made. A shield is an 
expensive and somewhat elaborate construc- 
tion device. As previously mentioned, costs of 
a shield and its appurtenances are very high, 
and the costs of primary lining in shield tunnels 
are sharply more than those of temporary lin- 
ing in a hand-mined tunnel with the same di- 
mensions. Yet, in many instances the extra 
expenditure is justified by those advantages 
inherent in the shield method. They may be- 
long to one or more of four categories: 


(a) Increase in the rate of progress of tun- 
neling through soils which require breasting. 


(b) Reduction in the hazards of tunneling 
under water courses. 


(c) Reduction in the loss of ground and an 


ıB.H.M. Hewett and S. Johannesson, Shield and Compressed Air Tunneling, McGraw-Hill Book Co., New York, First. Ed., 1922, 


pg. 291. 
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increase in rate of tunneling through flowing or 
squeezing ground. 


(d) Reduction in the settlement of the 
ground surface above the tunnel. 


Many existing shield tunnels could have 
been constructed without the use of a shield. 
The tunnels under the Hudson River in New 
York are examples. Although all were built 
with the help of shields, the first ones were 
successfully started as hand-mined tunnels 
employing liner plates for temporary support. 
Financial difficulties stopped construction. 
However, progress was unusually slow (3 ft. or 
less per day) and the operations were hazard- 
ous. By using the shield methodin constructing 
later tunnels, the rate ofprogress wasincreased 


notably, costs of tunneling were reduced, and 
the hazards were practically eliminated. In this 
and a number of other instances, use of a shield 
was justified, although it was not an essential 
prerequisite for the success of the tunneling 
operation. 


Table 8-1 has been compiled as an aid in 
resolving the question of shield versus hand- 
mining. It is a guide for determining whether 
employing a shield in a proposed tunnel would 
be justified, optional, advisable, or obligatory. 
If it is optional, the final decision rests on an 
estimate of costs of tunneling with and without 
the assistance of a shield. The term advisable 
suggests that hand-mining involves somewhat 
greater risks, financial or otherwise, than the 
shield method. 


Table 8-1 
Tunneling Conditions Justifying the Use of a Shield 


Land Tunnels 


Subaqueous Tunnels 


In Open Country In Cities 
Tunneling Conditions Small Large Small Large Small Large 
Firm ground — — — — H-opt. 
Slowly raveling — — — — H-opt. 
Rapidly raveling and swelling — — — — H-adv. 
Rapidly raveling, above water table — B-opt — B-opt. — — 
Rapidly raveling below water table, 
compressed air — B-opt. — B-opt. H-adv. BH-comp. 
Running or cohesive-running above 
water table — B-opt. — B-opt. 
Running or cohesive-running below 
water table, compressed air — B-opt. S-opt. SB-adv. H-comp. BH-comp. 
Flowing (quicksand or soft silt) 
below water table, free-air or 
inadequate compressed-air pressure H-opt. HB-comp. SH-comp. SBH-comp. H-comp. BH-comp. 
Rapidly squeezing (very soft clay), 
compressed air E-opt. E-opt. ES-adv. ES-comp. EH-adv. EH-comp. 
Slowly squeezing (soft or medium clay) 
free air — - S-adv. — H-opt. 
Slowly squeezing (soft or medium clay) 
compressed air — — — — H-adv. 
Erratic ground — BH-adv. S-opt. SBH-adv. H-adv. BH-comp. 


Incentive for Using Shield: 
S — To avoid excessive settlement in city tunnels. 
H — To minimize hazards to miners. 


B — To facilitate breasting, thereby making faster progress. 
E — To avoid loss of ground caused by rapid squeeze and make 


faster progress. 
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Degree of Necessity for Using Shield: 
comp. — compulsory 

adv. — advisable 

opt. — optional 

dash — unnecessary 


Chapter 9 
Unitary Excavation with Steel Liner Plates 


process defined 


Unitary excavation means excavating 
small pockets in succession, starting at the 
crown and proceeding along the arch toward 
the spring lines, the roof of each pocket being 
immediately supported by a unit of lagging. 
The advantage is apparent. It requires only a 
short time to mine a small pocket and insert 
the correspondingly small unit of lagging — 
a time measured in minutes. Because the open- 
ing is small, the stand-up time of the ground 
can be utilized to the fullest. Therefore, ground 
which has only slight cohesion can be mined 
fairly rapidly. 


unfeasible with wood lining 


Success of unitary excavation depends en- 
tirely upon the speed with which the unit of 
lagging can be placed and supported or other- 
wise made secure. Miners were always aware 
that, in most ground, a small pocket could be 
made without the roof caving in for some little 
time. Nevertheless, when tunnel support was 
limited to wood, these miners could not put 
this knowledge to practical use, since there 
was no satisfactory means to support the small 
unit of wood lagging that could be infixed in 
the pocket. Each lag had to be supported from 
below. The whole face of the heading or drift 
had to be excavated down to spring line be- 
cause timber sets had to be built from the bot- 
tom upward. 


Most tunnels were driven by the slow and 
tedious method of forepoling inasmuch as the 
ground would crumble or move before space 
could be mined to erect and lag a timber set. 
Each advance was a matter of several hours. 


Without question, wood lagging units can 
be devised to the right size and not be too 
heavy to install in a unitary excavation. How- 
ever, if it were wider than 10 or 12 inches, 
which is about the limit of lumber, the unit 
must then be fabricated at added expense. If 
such a piece were also curved to the contour of 
the tunnel, its cost could become prohibitive. 


But size, shape, and costs are not the main 
handicaps of using wood for support. Each unit 
of wood lagging must be supported from be- 
low, since there is no satisfactory way to at- 
tach it to its neighbors. To manipulate the nu- 
merous blocks or jacks needed to support sev- 
eral units individually throughout excavation 
and during the erection of the timber set 
would take as long as forepoling. Furthermore, 
these supports would interfere with the mining 
operations to such an extent that it would be 
almost impossible to mine-out the face. 


steel, an excellent material 


Steel, on the other hand, is not subject to 
those particular limitations of wood. It can be 
fabricated cheaply to meet the requirements of 
a lagging unit for unitary excavation. The all- 
important factor is speed of manipulation. 
Often, the ground simply will not wait for a 
large, clumsy, and heavy lagging unit to be 
placed and supported. If a lagging unit is light 
enough to be speedily maneuvered, excavation 
of the tunnel is automatically quicker and 
cheaper. 


Quick and simple means of attaching each 
newly erected unit to its neighbors are the 
marks of properly designed lagging units of 
steel. This lagging becomes a metal skin strong 
in any direction — as contrasted to wood which 
has no continuity and has strength in only one 
direction. Because each unit supports its neigh- 
bors, a minimum of temporary supports is re- 
quired during the mining-in process of these 
steel units. The face is accessible and the head- 
ing is free from obstructions. Thus, little or no 
time is lost in manipulating temporary sup- 
ports, time which could otherwise be spent 
mining ahead. 


liner plates 
description 


The most popular unit of steel lagging for 
an earth tunnel is a liner plate. This is a thin, 
rectangular steel plate, flanged on all four 
edges and curved longitudinally to the curva- 
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ture of the extrados of the tunnel, shown in 
Figure 9-2. Flanges are integral with each other 
as well as the back. The finished plate is cold- 
formed from one piece of steel without notch- 
ing or welding. The flanges project inwardly 
into the tunnel and are punched with over- 
sized holes for bolting each liner plate to its 
neighbors. 
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The back of the liner plate is stiffened by 
deforming it into corrugations (or panels) usu- 
ally running lengthwise of the plate. The pur- 
pose of this stiffening is described in a later par- 
agraph. Also, for most installations, the backs 
of a certain number of plates are punched with 
grout holes, the function of which is also ex- 
plained later. 


Figure 9-1 





size 


The term width is given to that dimen- 
sion of a liner plate which is parallel to the axis 
of the tunnel. Length is the dimension from 
end to end, measured around the periphery of 
the tunnel. The radius of curvature is measured 
to the back of the plate and is generally the 
same as the radius prescribed for the outside 
of the tunnel structure. These dimensions are 
shown in Figure 9-3. 


Length 


Width 


Radius 


Figure 9-3 Liner Plate Dimensions 


The standard liner plate for unicary excavation is 16- 
inches wide, 37-11/ 16 inches (12 in. x 3.1416) long and 
curved to the radius of the outside contour of the tunnel. 


The maximum size of liner plates is de- 
termined by the following conditions: 


(a) The plate should be small enough to be 
handled quickly and easily in the extremely 
limited space available atthe crown ofthe head- 
ing. 


(b) It should be neither too large nor too 
heavy to be handled by one man. 


(c) The cavity required for one plate should 
not be so large that the stand-up time of the 
soil is reduced to a period shorter than that 
required to excavate and install the plate. (It 
was shown in Chapter 4 that stand-up time 
decreases with increasing size of the open- 


ing). 


The maximum size of liner plates should 
be compatible with these three conditions, be- 
cause the cost of plates and bolts per foot of 
tunnel increases with the decreasing size of the 
Figure 9-2 plates, and the cost of mining increases with 
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the increasing number of plates needed per 
foot of tunnel. 


The first steel liner plates used in unitary 
excavations were 12 in. x 24 in. This size was 
then enlarged to 16 in. x 24 in., then to 16 in. x 
36 in., and finally to 16 in. x 37-11/16 in. This 
last size has been universally adopted for liner 
plates used in connection with unitary exca- 
vation for several reasons. 


First, long experience has shown that an 
advance of 16 inches per course is most satis- 
factory for tunnels mined by this method. A 
length of three feet has been found to be a sat- 
isfactory length from the standpoint of hand- 
ling and mining. 


Secondly, the exact length of 37-11/16 
inches evolved becaused it is equal to “pi” 
(3.1416) times 12 inches. This value is con- 
venient for the designer, because in a circular 
tunnel there is one liner plate in the periphery 
for each foot of diameter. For example, in a 
circular tunnel 7 feet in diameter there are 7 
liner plates per course. 


Thirdly, for odd diameters and for use in 
tunnels whose extrados are not circles, a half- 
plate may be used in each course to obtain the 
proper periphery of a course, as shown in Fig- 
ure 9-4. 


Liner plates are made in both small and 
large sizes for varying ground conditions. Use 


of different sizes will be reviewed in later chap- 
ters discussing particular kinds of ground in 
which they are suitable. 


description of the unitary excavation 
process in raveling ground 


Detailed steps in unitary excavation are 
best described by relating an example of liner 
plate mining in raveling ground. 


characteristics of raveling ground 


In this example, it will be assumed that the 
stand-up time of the ground is just enough to 
permit (a) excavation of a pocket at the crown 
with a forward width of 16 inches and length 
around the periphery of 38 inches, and (b) 
placement of one standard liner plate. This 
time t, would be 3 to 5 minutes. The required 
unit stand-up time R, for a test pocket one foot 
square excavated in the face of this ground, as 
described in Chapter 3, would be 


Rs 
b 


ts 





ör Ra = & 8 (3-5) 


where 
ts = 3 to 5 minutes and b = 16 inches = 1.33 ft. 
where 
R; = 3 x 1.383 = 4 minutes 
or 
R; = 5 x 1.33 = 6.65 minutes 


In a timber supported tunnel in this ground, 
forepoling would be imperative. It is further 
assumed that the heading would be relatively 
dry and that the face does not entail breasting 
during the mining cycle, although it will if 
allowed to stand for a half hour or more. 


Such mining conditions are most probable 
in a tunnel through fine, moist sand or sand 
with a trace of clay or silt located above the 
water table. Or, if located below the water 
table, these conditions would be duplicated by 
compressed air or drainage of the site by well 
points or other means. 


the breakaway 


The breakaway is generally from a shaft, 
but the portal of the tunnel may be in a vertical 
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bank in the open, as in Figure 9-5, or at the end 
of a trench. The first step in starting the earth 
tunnel is to erect three or more courses of liner 
plates to line and grade in the open and secure 
them against movement. This structure, shown 
in Figure 9-5, forms a template for the mining 
operation and provides support for the liner 
plates as they are mined-in. As soon as exca- 
vation has advanced a few courses, it is dis- 
mantled and the plates are used further ahead. 


The sheeting of the side of the shaft, or the 
bulkhead confining the earth, is then cut away 
to make an opening slightly larger than the 
extrados of the tunnel, thus exposing the earth 
to be excavated. 





Figure 9-5 


the liner plate mining process 


The mining operation begins at the crown, 
which is the center of the tunnel roof. Two 








miners using hand tools — trench spade and 
mining bar — make a horizontal opening into 
the earth face, scraping and removingthe earth 
via muck cars. The upper surface of this open- 
ing, represented by the area a b d c in Figure 
9-6, is curved from right to left with the curva- 
ture of the periphery ofthe tunnel and is in line 
with the outer surface of the liner plates previ- 
ously erected. This opening is centered on the 
center line of the tunnel and extends about 19 
inches to the right and to the left. The ends, bd 
ef and a cg h in Figure 9-6, are vertical or 
slightly sloped. The forward wall c d e g may 


be vertical or sloped, and is approximately 17 
inches ahead of the forward flange k of the liner 
plate structure. The height g c may be only a 
few inches, especially if the stand-up time is 
very short and the ground is on the verge of 
caving. The bottom e f h g is sloped toward the 
miners to give them room to work. This open- 
ing is the unit pocket in the unitary excavation 
process. 


Immediately after this opening has been 
effected, the miners insert a liner plate, its back 
“buttered” with hay (the function of the hay is 





Figure 9-6 Unitary Excavation — Initial Pocket at Crown 


A pocket just big enough to admit a liner plate is excavated 
at the crown to start the liner plate mining cycle. The roof 





of this pocket is curved, even with the liner plates previ- 
ously erected. 


Figure 9-7 Unitary Excavation — Liner Plate Installed to Support Roof of Pocket > 


Immediately upon completion of the unit pocket, a liner 
plate is pushed up against the roof of the opening. It is 
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bolted to the plates already in place, its leading edge tem- 
porarily supported by blocking. 


explained later). One man holds it mn place 
while the other enters bolts through its rear 
flange and the leading flange k of the last 
course of liners. This supports the rear side of 
the liner plate. A block is then quickly placed 
under the leading edge of the liner plate, there- 
by securing the plate against whatever load 
may develop. Bolts are then fastened finger- 
tight. This stage is depicted in Figure 9-7, and 
the process itself may be called a plate cycle. 


The second step is to move to the right (or 
left), widen out the curved opening already 
made to another 38 inches (see above), and in- 
sert another liner plate. This plate is bolted to 
both flange k of the liner plate structure and to 
the end flange of the crown liner plate. A block 
is placed at the lower forward corner. 


The third step is to install a liner plate on 
the opposite side of the crown plate, bolting 
and blocking it in the same manner as in the 
preceding step. Appearance of the face at this 
stage is shown in Figure 9-8. The mining-in 
process now has progressed through three 
plate cycles 


bringing down the face and reblocking 


With the three liner plates installed and 
blocked, the face is now excavated down to a 
level well below the lower ends of the liner 
plates. Inasmuch as these plates are curved, 
and are bolted to each other and to the liner 
plates behind, they act as a cantilevered roof. 
The liner plate structure previously erected 
supports the rear flanges of the plates in the 
new course. The two liner plates at the sides 
support the crown plate because of their curva- 
ture. It is therefore possible to remove the cen- 
ter block, excavate the face down to a new 
level, and replace the block with an extended 
trench jack. Sometimes a long jack set at an 
angle — called a needle jack — is used to sub- 
grade. The new face is then widened and the 
corner blocks replaced with trench jacks. This 
stage of excavation is shown in Figure 9-9. 


Before continuing, other facets pertinent 
to crown liner plates in this technique will be 
covered first. 











their lower forward corners. The three plates, due to their 
curvature and aided by the blocks at the lower corners 
form a cantilever roof of considerable strength. 


Unit pockets are excavated to the right and left of the 
crown pocket and a liner plate is inserted in each. These 
plates are bolted to their neighbors and are blocked at 


Figure 9-8 Unitary Excavation — Widening Out | 
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Figure 9-9 Unitary Excavation — Bringing Down the Face 


The center block can be removed and excavation of the 
face can be brought on down to spring line as shown (if 
in a small tunnel) where it is replaced by an extended 
trench jack. The corner blocks are then removed, the face 


function of hay 


No matter how skilled a miner may be, it’s 
virtually impossible for him to excavate the top 
of the opening absolutely true to line, grade, 
and contour. The more hurried the excavation, 
the greater are the deviations. If he has 
trimmed the hole too small, it will be impos- 
sible to raise the liner plate high enough to con- 
nect with those already in place. Because time 
is limited, he cannot cut and try. Therefore, 
the opening is trimmed slightly over size, but 
nevertheless as close as the miner can possibly 
overmining is excessive, additional hay is 
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excavated, and replaced by jacks. If the ground is heavy 
and rapidly develops weight, this operation may be 
deferred until another plate is in on each side, at which 
time the cantilever roof has much more strength. 


a lack of skill or hurried mining, whereas a 
half-inch average, with the liner plate touching 
the ground in spots, is excellent. Thus, when 
the plate is installed, an annular space exists 
between the plate and the ground. 


If this annular space isleftopeninraveling 
ground, raveling starts when the stand-up 
time expires. As stoping continuesin an upward 
direction, loads on the liner plate structure in- 
crease. In this situation the old tunnel adage 
rings especially true — “If you don’t let the 
ground start to move, you won’t have much 
weight.” 








\ H 
\ 






Figure 9-10 Unitary Excavation — Mining to Spring Line 


Additional plates are mined-in, one ata time on each side, 
until the course is completed to spring line. The jacks 
are transferred to new plates as they are installed. Blocks 
are placed under the ends of the liner plates to support 


Several handfuls of hay laid on the back of 
the plate as it is shoved into place serve as a 
cushion against the surface ofthe ground, tem- 
porarily preventing the start of raveling. If the 
over-mining is excessive, additional hay is 
packed behind the plates to fill the space. The 
more wiry the hay, the more effective itis and 
the longer it will preventraveling. Marsh hay is 
considered best. 


mining to spring line 


Here the process of mining-in the liner 
plates one at a time on each side of the center 
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the arch, allowing the jacks to be removed. If the ground 
does not develop weight quickly, the lower jacks can be 
completely disengaged during the mining-in of the liner 
plates. 


line is continued. As the plates are mined-in, 
the face is brought down, also. Unless heavy 
loads rapidly develop, only three jacks are 
needed. One supports the crown plate, and the 
other two support the lower forward corners of 
the lower plates. These two jacks are moved 
each time plates are added. If loads develop 
quickly, further shifting is discontinued at 
about the 45 degree position, and two addi- 
tional jacks are used below. 


When the spring line is reached, the lower 
ends of the liner plates are blocked and tightly 
wedged, as illustrated in Figure 9-10. Bolts are 








then drawn-up tight. The newly completed 
course of plates, joined to the liner plate struc- 
ture behind, and blocked at spring line, isnowa 
section of a continuous steel arch. This course 
is now so secure that, in a smaller tunnel, all 
jacks can be withdrawn, although the jack 
supporting the crown plate is ordinarily left in 
position. This is convenient since it will be 
handy for use in the next cycle. Also, it will be 
helpful in maintaining grade in case loads 
begin to develop. In larger tunnels, an arch- 
rib segment may be erected and blocked to 
the liner plates for support before removing the 
jacks. 


contact between liner plates 
and earth at spring line 


Since liner plates at spring line are the 
abutments of an arch, they will bulge outward 
if not adequately supported by the ground. 
Therefore, they must be installed in intimate 
contact with the ground. To achieve this, it is 
necessary to mine accurately. Fortunately, this 
is possible at the spring line, because the ver- 
tical outer surface of the liner plate pockets at 
(and just above) the spring line will stand 
much longer than the horizontal or slightly 
sloping roof surfaces of the pockets near the 
crown. Hence, sufficient time remains to mine 
carefully. In excavating these pockets at (and 
just above) the spring line, it is good practice to 
mine 1/2 to 1 inch tight. The plates are then in- 
serted and jacked out to position, as indicated 
in Figure 9-10. In this way, the corrugations of 
the plates are embedded in the earth and the 
lining cannot bulge. 


If, however, the opening is over-mined, it 
is essential that space behind the liner plate be 
filled with tunnel spoil, sand, gravel, or grout 
to establish firm contact with the ground. Hay 
will not do, since this is not a case of prevent- 
ing the ground from raveling in, but, rather, 
one of preventing liner plates from bulging out. 
Firm contact with the ground in the region of 
the spring line must be maintained. 


installation of plates below spring line 


Many tunnels up to 9 or 10 feet in diameter 
are generally plated all around, even those in 
fairly good ground. Tunnels up to this size are 
usually mined full-face. Instead of blocking the 
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arch plates at spring line, mining is continued 
until the course is complete. When the tunnel 
height ranges between 6 and 10 feet, arch- 
mining is done from a platform made of sev- 
eral planks temporarily placed across the tun- 
nel at the face, about 6 feet below the crown, 
as shown in Figure 9-11. 


Tunnels with a height of more than 10 to 
12 feet are usually mined by the heading and 
bench method, and if any liner plates are re- 
quired below the spring line, they are installed 
when the bench is removed. 


mining-in the second course 
of liner plates 


When the first course of liner plates has 
been installed and supported (by one of sev- 
eral ways discussed in a later chapter), the 
second course is started. It will be recalled 
that, in erecting the first course, the crown 
plate was placed on the center line of the tun- 
nel. Since it is customary to stagger the end 
joints of the liner plates in starting the second 
course, a unit pocket is excavated which ex- 
tends entirely to the right (or left) side of the 
crown. The first liner plate is placed in this 
pocket as done in the first course. Thus, one 
end-joint will be located at the crown (center 
line of the roof). The second plate is mined-in 
on the opposite side of the center line. Addi- 
tional plates of this course are then mined-in 
exactly as before, until the course is completed. 


Succeeding courses of liner plates are sim- 
ilarly mined-in. A 16-inch advance is made for 
each course. In large tunnels that are driven by 
the heading-and-bench method, miners may be 
working on two or sometimes three courses s1- 
multaneously — those working the crown start- 
ing their second course while miners assigned 
to the haunches complete the first course. 


irregular loads 


Loads acting on each new course are car- 
ried by these courses down to the abutments at 
spring line, and are partially distributed back- 
ward into courses previously erected. In a sim- 
ilar way, some of the loads that develop at 
greater distances from the face are transferred 
forward onto this new course. Consequently, 
the roof is held by a continuous arch which has 
the ability to receive loads irregularly applied 
and to distribute them throughout the whole 
structure. 











Figure 9-11 








function of various details 
of the liner plates 


solid corners, continuous flanges 


A liner plate should havea certain amount 
of diagonal flexibility so that when it is blocked 
it can be brought into closer contact with the 
irregular ground surface. Yet, if the plate is too 
flexible about the diagonals, blocking or jack- 
ing will effect a twist. It then becomes difficult 
or even impossible to connect the next plate. 
Most of the liner plates first made were 
notched at the corners before flanging. As a 
result, the side flanges derived no help from 
the end flanges in limiting this twist. They 
were too flexible — a deficiency that was cor- 
rected by making continuous flanges around 
all four sides. At their corners, the end and side 
flanges join each other (as well as the back) 
through a section ofa ball, as shown in Figure 
9-12. This configuration limits the amount of 
twist, yet provides the flexibility desired. 





Figure 9-12 


corrugations 


In mining operations, blocks and jacks are 
used to support newly installed liner plates. 
Therefore, each newly installed plate may act 
temporarily as a cantilever over a center sup- 
port. In order to obtain sufficient stiffness to 
function as cantilevers, these plates are cor- 
rugated or otherwise deformed. Since they 
must retain a certain degree of flexibility, as 
indicated in the preceding paragraph, these 
corrugations are shallow. 


flanges and bolts 


Flanges primarily serve as a convenience 
for attachment, although they impart a slight 
measure of stiffness to the plate. Slotted bolt 
holes in the side flanges are oversize so that 
bolts can be placed at the instant of erection, 
when every second counts. Tunnel liner bolts 
are rugged and have special, coarse threads. 
It is virtually impossible to damage them. It is 
also quite impossible to start a nut cross- 
threaded. The nuts are free-running. These 
features save time when time is critical, and 
are vital in unitary excavation. 





Figure 9-13 Tunnel Liner Bolts 


Threads used on tunnel bolts are special coarse, quick- 
acting threads. They are so rugged that it is difficult to 
batter them to the extent that the nut will not go on. It is 
impossible to start a nut cross-threaded, since the nuts 
are free running and threads are coarse. 


partial unitary excavation 


raveling ground with 
10 minute stand-up time 


The above example dealt with tunneling 
in ground with a stand-up time of 3 to 5 min- 
utes, just long enough to permit excavation ofa 
pocket for a single liner plate and installing it. 
In such ground, true unitary excavation is 
essential. 


If the ground consists of a mixture of sand 
and clay, or of sand, gravel, and clay, the stand- 
up time usually will exceed 10 minutes. This 





corresponds to a unit stand-up time R, of 13- 
1/3 minutes. In such ground, the method of 
tunneling described in the preceding section 
may be modified to take advantage of the long- 
er stand-up time. 


If the stand-up time is approximately 10 
minutes, it is still necessary to mine-in the liner 
plates in the upper part of the arch one at a 
time. However, as the angularity of the roof of 
the unit pocket changes from the horizontal to 
the vertical, the stand-up time R, increases. At 
45 degrees a 10 minute stand-up time may be- 
come 30 minutes, increasing to a value well 
over an hour near the spring line where the 
angle is almost 90 degrees. So, as this stand-up 
time increases, it becomes possible to excavate 
the opening from about the 45 degree point 
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down to spring line and to erect the remaining 
liner plates of the course at one time. This pro- 
cedure is sometimes called partial unitary ex- 
cavation. Because less time is spent excavat- 
ing and erecting several liner plates at once in 
a large cavity than singly in a series of small 
pockets, time is economized. In this kind of 
ground, only the crown jack is used. Eliminat- 
ing two of the three jacks (usually required in 
true unitary excavation) also contributes to 
faster progress. 


full-arch excavation as stand-up time 
approaches 60 minutes 


As the ground becomes harder, stand-up 
time lengthens. Therefore, the number of plates 
that must be mined-in one at a time decreases. 






Rs = 14 Hr. 
| 
Rs = 12 Hr. 


Rs =3Hr. 


Rs = 80 Min. 
Rs = 13 Min. 


Rs = 7 Min. 


t, = Hours Required for Mining and Support Erection 


Partial Unitary Excavation with 16” Liner Plates 


Figure 9-14 Stand-up Time and Excavation Process 


Curves are drawn to represent the unit stand-up time 
R, of various raveling grounds as determined by excavat- 
ing test pockets 12 inches square. 


Any raveling ground whose unit stand-up time, when 
plotted on this chart, lies to the right of Curve Rs = 7 
Min., can be mined by the unitary excavation process with 
standard 16-inch liner plates. 





Ground whose stand-up time lies to the right of Curve 
Rs = 80 Min., can be mined by the full-arch process with 


liner plates of the appropriate size. 


Cohesive-running ground whose stand-up time lies to the 
left of Curve A, = 7 Min., can generally be mined either 
with half-plates or by the spiling technique. 





When stand-up time t approximates one hour 
and R, = 80 minutes, the possibility exists to 
excavate for a whole course. At this point, min- 
ing becomes full-arch excavation, which is the 
subject of the next chapter. 


Time relationships are depicted in the dia- 
gram Figure 9-14. This chart shows that ground 
with a unit stand-up time R, of over 7 minutes 
can be excavated by the unitary process with 
16-inch liner plates. When R, passes a value of 
80 minutes, full-arch excavation with 16-inch 
liner plates is feasible. 


comparison of liner plate mining 
with old forepoling method 


Before steel liner plates were introduced, 
forepoling was the only means to excavate 
fast-raveling ground. 


In this method, manipulating timber fore- 
poling and timber sets consumed most of the 
time and attention of the miners. Progress was 
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inherently slow since there was only room at 
the face for a limited number of men. Devoting 
most of their efforts to timber, little time was 
left to mine ahead. 


By comparison, unitary excavation in rav- 
eling ground with short stand-up time affords 
more mining time, which is the action that 
advances the tunnel. The actual placing and 
securing of a liner plate does not take long; less 
time, in fact, than it takes to make the opening. 
Nature dictates this priority in the work cycle 
because ground with a short stand-up time will 
not wait. But the important corollary is that 
mining is accelerated, the tunnel is advanced 
more rapidly, and the entire project progresses 
to earlier completion. 


An additional advantage of the liner plate 
method over forepoling is that the former does 
not disturb the ground as forepoling does. Con- 
sequently, the ground is less apt to develop 
weight if liner plates are used. 


Chapter 10 
Full-Arch Process of 
Excavation with 
Various Types of Lagging 


definition and advantages 
of full-arch excavation 


Full-arch excavation may be defined as 
that procedure of excavation whereby the en- 
tire portion of the tunnel above the spring line 
(arch) is mined ahead for the full width of one 
or more courses of support before the support 
is erected. Where the ground is good enough to 
permit this process, certain advantages accrue 
that are unique to this process. Excavation is 
faster since the face can be attacked simulta- 
neously by several miners, the number depend- 
ing on the size of the tunnel. (Oppositely, in 
unitary excavation, unit pockets must be exca- 
vated in sequence.) Mining is continuous un- 
til the entire arch is mined-out. Erection of 
courses of support, including the lagging ele- 
ments as well as the main supporting members, 
is faster also when done in one continuous op- 
eration. 


Provided ground conditions are sufficient- 
ly favorable, full-arch excavation deserves 
preference over other methods. This form of 
excavation is also used in tunnels in good 
ground driven by the rib-and-lagging method. 


This chapter deals with full-arch mining, 
starting with raveling ground possessing mini- 
mum stand-up time for full-arch excavation 
and continuing through modifications of lag- 
ging elements of the support structure that be- 
comes permissible as stand-up time increases. 


stand-up time requirements 


In full-arch mining, ground above the new- 
ly excavated portion of the tunnel is supported 
by a ground arch which spans the gap between 
the last course of support and the face, as in- 
dicated in Figure 10-1. This arching action is 
independent of the width of the tunnel but de- 
pendent on the length of the gap. For a time, 
cohesion prevents raveling of the exposed 
ground. The length of time before raveling 
starts (the stand-up time) varies directly with 
the cohesion and inversely with the span of the 
ground arch. 
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Figure 10-1 Local Ground Arch 


To mine a tunnel with liner plates using the full-arch 
process, the local ground arching effect over a span of 
16 inches and the cohesion of the ground must produce a 
stand-up time of at least one hour. 


Mining by the full-arch method using liner 
plates presumes advancing the working face 
over a distance of at least 16 inches beyond the 
last support over the full width of the tunnel. 
In medium-raveling ground, this usually can 
be done under 60 minutes, regardless of the 
size of the tunnel. As the tunnel dimensions in- 
crease, more miners can attack the face at the 
same time. Therefore, the amount of exca- 
vation per miner and the overall rate of ad- 
vance remain fairly constant. 


To permit full-arch excavation, ground 
must stand throughout the time of excavation 
(or approximately one hour for a 16-inch ad- 
vance,) plus the time required to erect that 
course of liner plates. In contrast to timber or 
steel-rib support, which are usually erected 
from the bottom upward, liner plates can be 
erected downward from the crown. In no more 
than a few minutes, crown plates can be placed 
and jacked. Ground at the crown thereby re- 
ceives support as soon as or even slightly be- 








fore excavating is complete. Usually, then, 
ground that has a stand-up time ofan hour can 
be mined by the full-arch process. This corre- 
sponds to a unit stand-up time R, of 80 min- 
utes, shown in Figure 9-14 (also see Chapter 3). 
In a tunnel supported by timber, the stand-up 
time would have to be much longer to com- 
plete construction of the rib set. 


sequence of operations 


In raveling ground, the critical point is lo- 
cated in the region of the crown where the roof 
is horizontal, or nearly so. If the stand-up time 
at the crown is sufficient, excavation can start 
at the crown and continue down to spring line. 
Thereafter, supports may be erected from 
spring line to crown. While this procedure is 
obligatory when wood lining is used, it is op- 
tional with steel liner plates. 


if stand-up time becomes too short 
for 16-inch full-arch excavation 


In liner plate tunnels, the most economical 
advance per cycle is 16 inches, equal to the 
standard width of a plate. If ground conditions 
make it impossible to advance the face by 16 
inches using full-arch mining, it is less costly 
to install the liner plates in unitary excava- 
tions. Cost per foot of tunnel using plates less 
than 16 inches wide is much higher than for 
standard liner plates in corresponding footage. 


Narrower liner plates, while made of less 
material, cost the same to fabricate and re- 
quire just as many bolts. It also takes the same 
time to erect either a narrow or a wide course 
of support. Further, while this narrow course is 
being erected, mining ceases and of course the 
tunnel does not advance. Since any decrease 
of advance per cycle increases the number of 
liner plates as well as the number of cyclesin a 
given stretch of tunnel, it is less expensive to 
install standard liner plates in unitary ex- 
cavation than narrow plates in full-arch exca- 
vation. Furthermore, if the ground is not good, 
breast boards would probably be required. 


increasing stand-up time permits 
reduction of cost of lagging 


If the ground hardens and the stand-up 
time surpasses minimum conditions for a 16- 
inch full-arch advance, the advance per course 
can be increased. This creates an opportunity 
to lower the cost of lagging by using larger 
liner plates or mining two courses per cycle. 
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24-inch wide liner plates 


Certainly a prime advantage of liner plates 
in unitary excavation is that they can be speed- 
ily manipulated and erected. As said before, 
ground will not wait. In full-arch mining where 
the ground will stand for a period, liner plates 
offer the same advantage — but the end bene- 
fit differs. Every minute saved erecting sup- 
ports can be spent mining ahead. A larger 
plate, if not too heavy for one or two men to 
handle, can be erected in the same time as a 
smaller one. When the ground imposes no limit 
on the size of the plate, their manipulation at 
the face becomes a controlling factor. It has 
been found that 24 in. x 37-11/16 in. liner plates 
are still convenient to handle. Each plate this 
size supports 6-1/4 square feet of ground. This 
results in lower cost per foot of tunnel for both 
material and labor. 


Ground that permits a 24-inch advance is 
somewhat more difficult to excavate than a 
weaker ground. It requires the use of pneu- 
matic spades. On the other hand, the man- 
time per cubic yard of excavation for a 24-inch 
advance is somewhat shorter than that for a 
16-inch advance in the same ground, because 
of its larger volume. Therefore, the time per 
foot of tunnel required for a 24-inch advance in 
stiffer ground, including the installation of 
liner plates, roughly corresponds to the time 
per foot for a 16-inch advance in weaker 
ground. Cost of a support system per foot of 
tunnel using 24-inch liner plates is lower than 
that of 16-inch plates. Simply stated, if the 
ground permits a 24-inch advance, 24-inch 
liner plates are more economical than standard 
liner plates. 


A 24-inch advance usually can be made in 
1-1/2 hours. The corresponding unit stand-up 
time R, is 180 minutes (3 hours) for one foot 
square test pocket (see Figure 9-14). 


liner plates used lengthwise of the tunnel 


As the ground becomes still harder, further 
lengthening of the stand-up time, advances of 
more than 24 inches can be achieved. With a 
stand-up time of approximately 2-1/4 hours, 
Rs = 427 minutes = 7.1 hours, a standard liner 
plate can be used lengthwise of the tunnel in 
conjunction with steel ribs for 38-inch ad- 
vances. 


When liner plates are used lengthwise with 
steel ribs, they should be arched lengthwise 
and curved crosswise to the contour of the tun- 


nel cross-section as illustrated in Figure 10-2. 
The arch gives substantial strength in the 
transmission of local loads to the main sup- 
porting ribs. 





Figure 10-2 Liner Plate 
for Use Lengthwise in a Tunnel 


Where the tunnel is located in slow-raveling ground which 
stands up for a sufficient time to advance the tunnel 
excavation 3 to 4 feet, liner plates can be used lengthwise 
of the tunnel in conjunction with steel ribs. When they 
are used in this way, they are arched lengthwise to a 200- 
inch radius and curved transversely to the contour of the 
tunnel cross-section. 


ground supported by intermittent blocking 


It is standard practice in excavating a full- 
arch to overmine somewhat to make certain 
that a course of support can be erected without 
trouble or delay. Having ample stand-up time, 
hay is not normally used to avert the start of 
raveling. 


Instead, a few blocks of wood or fragments 
of tunnel spoil are shoved behind the plates at 
the widest spaces to establish intermittent 
contact with the ground. These blocks then 
create a series of local domes or arches above 
the liner plate skin which serve to prevent rav- 
eling for at least several hours. 


gravel packing behind liner plates 


If the tunnel is located below buildings, 
streets, services, or other structures that would 
be damaged by settlement, or if the ground will 
ravel within the void period (i.e., before com- 
pletion of concreting and grouting, which may 
not be before two or more weeks after excava- 
tion at any one point), the overmined annular 
space must be filled once or preferably twice 
per shift. Filling was once done by grouting. 


However, pea gravel blown through grout 
holes in liner plates is less messy, less costly, 
and more effective. This later method first 
came about seriously in connection with shield 
tunneling wherein the annular void left around 
the lining by the tail of the shield as it moved 
forward was filled with pea gravel blown into 
the space as fast as it was created. Pea gravel 
packing was first used extensively in hand- 
mined (liner plate) tunnels in the construction 
of the Chicago subway in 1939-1941. 


graveling operation 


Equipment for blowing pea gravel is sim- 
ple, operating on the same principle as a grout 
machine. In fact, a standard vertical grout ma- 
chine without the agitator is usually employed. 
A pipe nipple may be attached to the end of the 
hose and shoved through a grout hole in the 
liner plate where it is held by hand. 


The first step in this operation is to dam up 
the space between the leading edge of the liner 
plate skin and the ground so that gravel will 
not be lost ahead. The next step is to succes- 
sively blow the gravel behind the liner plates, 
working from the bottom up. The hose will not 
be in any one hole for more than a fraction of a 
minute unless the tunnel was badly overmined. 
Checking the filling is uncomplicated: the liner 
plates are tapped with a hammer; if the origi- 
nal voids behind each have been filled, a dull 
sound is heard; but if there is still an empty 
space, the plate will ring with a hollow sound. 
In tunnels where gas may be present, a ham- 
mer of non-sparking material such as copper 
should be used. 


full-arch excavation in raveling 
ground with ribs and lags 


stand-up time requirements 


Lags are boards or steel plates placed lon- 
gitudinally against the roof and the walls of the 
tunnel excavation to prevent the ground from 
dropping into the tunnel. Lagging can be tight 
(as shown in Figure 10-3) or spaced. These 
lags transfer the loads onto sets of steel ribs 
curved to the contour of the cross-section of the 
tunnel. The lags rest on the outer flanges of the 
ribs. Installation of the ribs precedes that of the 
lags. Conversely, in liner plate tunnels with rib 
support, liner plates are installed before the 
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Figure 10-3 








ribs. Therefore, at a given advance per cycle, 
the stand-up time required for rib-and-lag sup- 
port may be greater than that for a liner plate 
tunnel in the same ground. 


Preceding paragraphs have discussed how 
full-arch excavation with liner plates can be 
done with advances of 16 inches, 2 feet and 3 
feet per cycle. The required stand-up time is 
1, 1-1/2, and 2-1/4 hours respectively. Erection 
of liner plates starts at the crown immediately 
after excavation is completed, and progresses 
downward. If the rib-and-lag method is used, 
and ground conditions are such that lags can 
be spaced and no backpacking is required, in- 
stallation of the lags also can be started at the 
crown after erecting the leading rib set. As a 
consequence, the required stand-up time is 
almost equal to that for liner plates at the same 
rate of advance per cycle. On the other hand, 
if ground conditions call for backpacked, tight 
lagging, lags must be installed from the spring 
line toward the crown, increasing the required 
stand-up time at a given advance by about 
half an hour. 


Under certain conditions, the rib-and-lag 
method is more economical than the liner plate 
method. Figure 10-4 illustrates various types of 
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Wood Lagging 


Lagging 






lagging that can be used with ribs. Details of 
the rib-and-lag method are described below. 


lags described 


Wood lags are usually a cheap grade of un- 
surfaced hardwood, such as maple hearts. A 
common size is 3 x 6 inches, though other 
sizes are often used. Thickness depends on the 
rib spacing and the load these lags are ex- 
pected to carry by beam action before the arch 
is concreted. They are cut to length to match 
the spacing of the ribs. 


Liner Plate 






Figure 10-4 


Steel lagging plates are generally made 
from light steel plate pressed into various 
shapes. The width is customarily 12 inches, 
though this may be changed to suit any re- 
quirement. The thickness, the depth of flange, 
and the amount of return flange are determined 
by the rib spacing and the load which will act 
on the lags. 


full-arch excavation 
and packing with lags 


The steps in the full-arch excavation pro- 
cess with rib support combined with steel or 
wood lags are: 


(a) The working face is advanced over the 
entire arch to a distance equal to the width of 
one course of support. 


(b) The steel rib is erected at a distance 
from the last rib equal to the width of one 
course of support. These will have tie rods 
or spacers. 


(c) The lags are installed. The first lag is 
placed at spring line and succeeding lags are 
added, one above the other on each side and 
up to the crown. As each lag is placed, the space 


Corrugated 
Lagging 






between it and the ground is packed to estab- 
lish contact with the ground. A perfect job 
could be done by filling the empty space com- 
pletely with gravel or another suitable filling 
material. However, in practice, it is usually done 
by ramming tunnel spoil or blocks of wood or 
both into the empty space. In raveling ground, 
it is enough to prevent raveling until the tun- 
nel has been concreted and grouted, as will be 
described in a later chapter. Therefore, small 
empty spaces in the backfill will not cause any 
harm, provided the ground between gaps is 
well supported by tightly rammed filler. 
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Because lags are only laid on the rib, erec- 
tion of a course of support is even more rapid 
than if liner plates are used as lagging. This is 
especially true if the ground is such that an ad- 
vance of 3 to 4 feet can be made. Time is saved 
chiefly because there are no bolts to enter and 
tighten and, since packing is done while the 
lags are emplaced, no subsequent graveling is 
necessary. 


spaced lags 


Up to now, this discussion has dealt with 
raveling ground that would start to ravel with- 
in the void period, i.e., the time between exca- 
vation and grouting of the completed concrete 
structure. In good ground, this period is seldom 
shorter than 10 days and may be as long as 3 
or 4 weeks. To avoid settlement above tunnels 
in such ground, it is necessary to pack the over- 
mined space as described above. To support 
the packing, the lagging must be tight. It may 
consist of liner plates or of lags (steel or wood), 
tightly placed against each other. 


In open country, where future settlement of 
the surface above a tunnel can be tolerated, 
tight lagging and packing is not necessary. In 
such tunnels, lags function to prevent ravel- 
ing during the service period of the support, 
which terminates as soon as the arch concrete 
is placed. This period may vary from two or 
three days to about two weeks, which is much 
shorter than the void period. Under these cir- 
cumstances, lags may be separated from each 






other, or spaced, as in Figure 10-5. This re- 
duces lagging costs considerably by reducing 
both the quantity of lags required and the labor 
to install them. When the tunnel is concreted, 
the overmined spaces are filled with concrete 
which is far less expensive per cubic yard than a 
corresponding quantity of grout. This saving is 
realized over the whole arch except the key 
where the slump of the concrete after place- 
ment leaves a void. This void must later be 
filled with grout, regardless of the type of lag- 
ging. 


spacing of lags 


Lags run parallel to the center line of the 
tunnel. If every member of a set of spaced lags 
were in complete contact with the ground 
above the tunnel, the overburden would be sup- 
ported by a series of ground arches spanning 
the space between adjacent lines of lags. In 
practice, however, spaced lags are in contact 
with the ground at a few points only, because 
the contact is established by driving a block of 
wood between each lag and the ground at the 
points where the lags rest on the ribs. In some 
cases, an additional block is driven between 
the ground and the lag midway between ribs. 
In reality, the overburden is carried by a series 
of local domes, indicated in Figure 10-6. Since 
stand-up time increases with the decreasing 
span of the dome or arch, raveling may be de- 
layed by decreasing the distance between points 
of contact with the ground or, in other words, 
by reducing the space between lags. 
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Figure 10-6 Local Ground Arches and Domes 


In a lagged tunnel, contact with the ground is quite fre- 
quently established by driving thin blocks of wood into 
the overmined space between lags and ground. Thus, a 


series of local ground domes and arches carry the over- 
burden. The closer the points of contact, the longer incep- 
tion of raveling is delayed. 














The distance between lags increases from 
the crown down to the spring lines. At the 
crown, where the excavated surface is nearly 
horizontal, the lags will be close together or 
even tight; but the further they are from the 
crown the further apart they may be. Gen- 
erally, lags are not necessary beyond the 60 
degree point on each side of the crown. Lag- 
ging may stop at the 45 degree point or even 
closer to the crown. Spacing and the number of 
lines of lagging depend on the cohesive prop- 
erties of the ground, the size of the tunnel, and 
the time that will elapse before concreting. 


attachment of lags to ribs 


If the entire arch must be supported by 
skintight lagging, the first lag is placed at the 
spring line, followed by the addition of other 
lags one above the other on each side up to the 
crown and held against the rib by packing. 
This prevents the lags from sliding down, and 
so no attachment to the ribs is needed. 


When lags are to be spaced, there are three 
different ways to keep them from sliding down 
the rib. 


(a) Wedging. As the lag is placed, a block 
of wood is driven tightly enough between the 
earth and the lag at each end to prevent slip- 
page. Or, a wedge can be driven between the 
rib and the lag to force the lag out against the 
ground. This is especially easy to do with steel 
lags since there is a half-inch clearance for 
the wedge between the rib and the underside of 
the lag. 


(b) Lagging Stops. Small angles may be 
welded to the outer flange of the rib to prevent 
the lag from sliding. There are some objections, 
however, to lagging stops. Because these angles 
are welded to the ribs in a predetermined pat- 
tern, spacing of the lags is fixed without re- 
gard to ground conditions, which may varyin 
different stretches of a tunnel. Welding of 
these clips also adds to the cost of the ribs. Fur- 
thermore, these stop angles may encourage a 
certain amount of carelessness in blocking the 
rib to the ground since the lag will not slide 
even if it is not blocked tightly at each end. Be- 
cause miners will make certain that their hole 
will be big enough to clear the protruding clips 
(Figure 10-7), severe overmining is apt to occur. 


(c) Lagging Clamps. This method, which is 
borrowed from rock tunnel practice, utilizes 
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Clip Angles 


Figure 10-7 Lagging Stops 


Clip angles are sometimes welded to the outer flange 
of the ribs to keep the lags from sliding. 


clamps applied to steel or wood lags, as shown 
in Figure 10-8. In practice, the lag assembly 
(consisting of the lag, two clamps, and two 
bolts) is made on top so that the miner can 
quickly place the lag without searching for the 
various small parts. Clamped lags also en- 
courage careless blocking of the rib because 
the clamps will also prevent the lags from slid- 
ing. 


lagging in tunnels where 
blasting is required 


If a tunnel is so large that the bench has 
to be removed by mechanical means (shovel or 
mucking machine), it is sometimes desirable 
or necessary to break up the bench by blasting. 
In fact, ground that is hard enough to permit 
spaced lagging often requires blasting for ma- 
chine mucking. Unless the lags are firmly 
clamped to the ribs, the jolt produced by the 
blast will probably cause the lags to slide or 
bounce out of place and drop out of the roof. If 
lags are used in tunnels where blasting may 
occur, they should be attached to the ribs by 
lagging clamps, even if they are not spaced. 


In the event that the bench is blasted, liner 
plates may be preferred over lags, at least for 
the crown portion of the arch, to provide con- 
tinuity of the structure. If liner plates are used, 
they are most often bolted between the webs 
of the ribs, tying the structure together as por- 
trayed by Figure 10-9. Alternate liner plates 
are occasionally omitted in each course. If liner 
plates are used this way in the crown, most of 
the beneficial effects of continuity still are 
realized. In the haunches, clamped lags are 
satisfactory and more economical than liner 
plates. 


comparison of steel and wood lags 


Wood lags have to be inserted into the 
space between the ribs and the ground by 
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(b) 


Figure 10-10 Erection of Lags 


Wood lags are angled into position as shown at (a). Steel lags can be threaded into place as shown at (b). 


angling. The curved surface makes this diffi- 
cult. By contrast, steel lags are erected by shov- 
ing the leading end forward over the newly 
erected rib until the back end will clear the pre- 
ceding rib. The back end is then lifted up, and 
the lag is slid back to rest on the rib. Differ- 
ences in these procedures are compared in Fig- 
ure 10-10. 


steel lags save excavation and concrete 
Design requirements for the completed 


structure are satisfied if the inner faces of the 
lags lie on the outer design line of the concrete. 
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When wood lags are used, the outer flange of 
the rib lies on the design line. Excavation must 
therefore extend beyond the design line a dis- 
tance equal to the thickness of the wood lag, 
commonly 3 inches. This is waste excavation. 
By contrast, when steel lags are used, the rib 
can lie a half-inch in from the design line be- 
cause the inner face of the steel lag is separated 
from the rib by the mashed down flanges, as 
shown in Figure 10-4. Excavation can be to the 
design line, thus saving 3 inches of excavation 
in the lagged area. 


This comparison is illustrated by Figure 


10-11. If lags are spaced, those of steel not only 
save 3 inches of additional excavation, but also 
3 inches of concrete needed to fill the spaces 
between lags of wood. These savings alone will 
compensate for most of the difference between 
prices of steel and wood lags. 


Wood Lags 
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doned drill holes, or other existing channels. 
While it is doubtful whether wood is used these 
days for lagging in tunnels under compressed 
air, should it be used and a fire occur, its speed 
of engulfment, including inaccessible areas at 
the back of the structure, is astonishing. It is 


Steel Lagging Plate 





Design Line 


Figure 10-11 Relative Position of Ribs to Design Line, Using Wood and Steel Lags 


When wood lags are used the outer flange of the rib is at 
the design line, but when steel lags are used it can be set 
1,2 inch in from that line. 


Wood lags require extra excavation equal to the thickness 
wood lag fire hazard 


Under compressed air, wood is a fire haz- 
ard, especially when used continuously over 
large areas. Once wood ignites, the fire be- 
comes extremely difficult to extinguish. No 
matter how damp the wood may be, it burns or 
smolders in compressed air; the higher the air 
pressure, the more fiercely it burns. Although 
there is some danger from flames, thereal dan- 
ger comes from deadly carbon monoxide fumes 
that quickly fill the tunnel. 


Fires can be started by a flash from electric 
wires, by a spark from a burning torch or an 
arc welder, by an unextinguished match (even 
though smoking while working under com- 
pressed air is universally prohibited), by a 
wrecked storage battery locomotive, and by 
many other ways. In addition to these acci- 
dental causes, there is one other peculiar to 
compressed air tunneling. When tunneling 
with compressed air, air leaks develop. Air 
may leak back along the outside of the concrete 
through defective grouting, to the shaft, or to 
some other line of communication with the sur- 
face. It may leak through open joints, aban- 


of the lag (generally three inches) around the periphery 
of the tunnel in the lagged area. Ifthe lags are spaced, this 
extra excavated space is filled with concrete. When steel 
lags are utilized, no extra excavation and concrete are 
required. 


especially difficult to extinguish in a contin- 
uous wooden structure before the tunnel is 
filled with carbon monoxide gas. The only way 
is to quickly clear all workmen from the tunnel 
and reduce the air pressure to atmospheric 
which will then flood the tunnel. If the fire is 
not extinguished by flooding, it will burn itself 
out as soon as the oxygen in the trapped air is 
consumed. 


Risks of a major fire hazard exist mostly 
where wood is continuous over large areas. 
Wood blocks isolated from each other or wood 
lags which are spaced do not constitute a seri- 
ous risk; if one is ignited, it is easily accessible 
and can be suppressed before it spreads. There- 
fore, wood blocking is permitted in compressed 
air tunnels. Wood in free-air, earth-tunnel con- 
struction is not considered unduly hazardous 
because it is usually damp and also difficult to 
ignite in free air. 


ribs and lags in very slow raveling ground 


When a small or medium-sized tunnel is 
driven through very slow raveling ground, 
support may be installed as a precaution 
against possible falls. This support normally 
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consists of ribs at 5-foot spacing with 3 to 5 
lines of lags in the arch. The lowest line of lags 
will not be more than 45 degrees from the cen- 
ter. As forms are brought forward for a pour, 
these supporting ribs and lags can be disman- 
tled and sent ahead for reuse, unless some of 
them are under load. In this case, they are con- 
creted in. The idea of salvaging ribs involves an 
element of risk. Although a rib may appear to 
be carrying no load, the ground above it may 
be on the verge of falling and may do so be- 
tween the time ribs are withdrawn and the 
form is filled. To eliminate this potential haz- 
ard to men and equipment, ribs should not be 
withdrawn until the form is in place. A subse- 
quent fall, if not dangerous to the crew, never- 
theless creates a delay while the debris is 
cleared away. As a rule, the economics of sal- 
vage are not important enough to justify these 
risks, and the procedure has become rather 
exceptional. In fact, most specifications pro- 
hibit removal of ribs. 


full-arch excavation 
in squeezing ground 


techniques of tunneling in soft clay 


Squeezing conditions are encountered 
only in medium or soft clays and in soft, or- 
ganic silt. Tunnels may be driven through such 
ground by the shield method (described in 
Chapters 8 and 18) or by hand mining. 


When a tunnel is driven through clay by 
modern hand-mining methods, it is always 
driven with an open face and quite frequently 
with the aid of compressed air. Before com- 
pressed air was used in tunnel construction, it 
was possible to limit settlement only by breast- 
ing the face to reduce the amount of squeeze 
into the tunnel. Pressures acting against breast- 
ing in free-air tunnels through soft clay were 
heavy. Consequently, the breasting was ex- 
traordinarily heavy and difficult to maneuver. 
Because of compressed air, the economics of 
tunneling in soft clay have been changed so 
that even when settlement is a factor, a clay 
tunnel is mined open face. Cost of compressed 
air is far less than the cost of labor and the 
penalties of slow progress when working with 
heavy, bulky breasting. 


In any tunnel in clay that can be hand- 
mined with an open face, and which can accept 
tolerable settlement, the full-arch process can 
be (and invariably is) used. Since soft or medi- 
um clay neither spalls nor ravels, there is al- 
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ways adequate time to excavate for a whole 
course of support without the danger of col- 
lapse before the support is installed. The min- 
ing procedure is exactly the same as described 
in this chapter for slow-raveling ground. 


factors determining choice of technique 


In Chapter 4 the relationships of the vari- 
ous factors that produce a squeeze were dis- 
cussed in detail, as well as the remedy for 
squeezing conditions (compressed air). It was 
shown that loss of ground is associated with 
squeeze, and that lost ground results in settle- 
ment of the soil above the tunnel. 


Determination of whether to hand-mine 
medium and soft clay depends a great deal 
on (a) the settlement that can be tolerated; (b) 
whether the ground will hold air pressure (high 
enough to limit settlement to a tolerable value); 
(c) the cost of driving the tunnel at various air 
pressures. 


If the answer to item (b) above is negative, 
the shield technique is needed, even though 
cost of lining is higher. 


If the answer to item (b) is positive, main- 
taining allowable settlement limits still may 
necessitate air pressure so high that it would be 
cheaper to use a shield with lower air pressure. 
Otherwise, the tunnel can be hand-mined. 


Should settlement or heave not be a factor, 
economic considerations usually suggest which 
method will be used. If the air pressure is insuf- 
ficient to hold squeeze to the initial elastic 
yleld of the clay (see Chapter 4), the face ad- 
vances into the tunnel. Clay that moves in is 
lost ground and therefore represents excavation 
extra to the volume occupied by the finished 
tunnel. This excavation is relatively inexpen- 
sive per cubic yard. However, since it is extra 
yardage, progress is impeded. On the other 
hand, as the air pressure reaches higher brack- 
ets, premiums paid to workmen increase, and 
their hours of useful work per shift are reduced 
— thus, the cost of tunneling climbs rapidly 
after pressure passes 15 or 18 p.s.i. These facts 
suggest that it may be cheaper to cope with 
sizable yardages of lost ground at low air pres- 
sure rather than to incur the costs of high 
pressure when its only purpose is to limit loss 
of ground. 


As clay becomes very soft, the cost of hand- 
mining mounts because the yardage of lost 


ground increases and the expense of using 
higher air pressures to limit lost ground to a 
reasonable amount grow even more. Converse- 
ly, the softer the clay becomes, the faster a 
shield can be shoved through it (when heave 
is not objectionable). A point is ultimately 
reached where it becomes more economical 
to use a shield with low air pressure making 
fast progress than to hand-mine the tunnel at 
high pressure. Such a clay, it must be pointed 
out, is not too prevalent and the chances of 
running in to it are not too great. 


methods of excavating clay in tunnels 


Clay, depending on its consistency, can be 
excavated by hand clay knives, power clay 
knives, pneumatic spades, shields, and boring 
machines. 


In the past, a popular method of excavat- 
ing clay with an unconfined compression 
strength less than 1.0 ton per square foot was 
with a hand clay knife. Clay that can be exca- 
vated this way is called knife clay. 


The power knife was somewhat heavier 
and larger than the hand knife. It was pulled 
through the clay by a light, steel cable that 
would pass over a pulley and return to a tugger 
winch located a short distance back of the face, 
usually on a platform positioned at about 
spring line elevation. One miner would ordi- 
narily manipulate the knife, another the winch, 
while one or more muckers handled the slug of 
clay. The miner entered the knife at the side of 
the tunnel, and as it was pulled through the 
clay, muckers would break off sections of the 
slug and dispose of it. Power clay knives were 
used in clay considerably stiffer than clay cut 
by a hand knife. It was even used in “stiff” 
clay with an unconfined compressive strength 
between 1.0 and 2.0 tons per square foot, pro- 
vided the clay did not contain rock fragments. 
Power knives are a rarity nowadays. 


Today, small tunnels are excavated mostly 
with pneumatic spades. In larger tunnel jobs 
through clay, shields and boring machines are 
often utilized; however, jobs must be large 
enough to warrant their use. 


choice of lagging 


The stand-up time factor in clay, as op- 
posed to raveling ground, and as related to the 
mining operation, is eliminated. Therefore, in 
clay ground, the choice of lagging is dictated 
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by other considerations. 


In those tunnels through medium or softer 
clay where control of settlement is a prime con- 
cern, tight lagging and thorough packing are 
indicated. Either liner plates or steel lags may 
be used. Because these tunnels are generally 
driven under compressed air, tight wood lag- 
ging should not be permitted because of hazard 
from fire. From an economic standpoint, little 
choice exists between them. Steel lags, packed 
as they are erected, give support to the clay 
sooner than liner plates, which are usually not 
graveled until at least two courses have been 
erected. 


In knife clay, even where settlement is not 
a factor, a tight lagging is required to prevent 
the clay from squeezing into the tunnel. It is 
not necessary, however, to do a thorough job of 
packing. 


In all other cases, spaced lags may be used. 


In clay tunnels, the lagging required will 
be generally heavier than lagging in a raveling- 
ground tunnel with the same rib spacing be- 
cause clay is quite probable to develop much 
heavier loads within the support-service period 
than raveling ground. 


In all respects, the erection of lagging is 
similar to the task in raveling ground mined by 
the full-arch process. 


In stiff clay, it is sometimes possible to 
mine-out the arch for a full day’s advance with- 
out installing any support. When this is possi- 
ble the lags are mostly long boards. They are 
erected by pegging them to the clay roof or 
supporting them temporarily; then steel ribs 
are erected under the lags. Altogether, it is a 
very rapid operation. 


advance per cycle in small tunnels 
in knife clay 


In Chapter 4 formulas were given for com- 
puting the value of the driving force that pro- 
duces the squeeze and the value of the shear 
resistance to the squeeze. If two tunnels, one 
small and one large, are considered to be in the 
same clay with the same air pressure and with 
the same depth of overburden, computations 
will show that a greater spread exists between 
the value of the resistance and the value of the 
driving force in the small tunnel than in the 
large one. This spread varies inversely with the 








size of the tunnel. It means that there is a lower 
rate of squeeze, less settlement, and lighter 
loads within the service period of support in 
small tunnels. For these reasons, the advance 
in small tunnels in knife clay often may be 
more than one course of support. The course of 
support may have any width up to 4 feet with 
wood or steel lags. With liner plates it may be: 


16 in. — using 16 in. x 37-11/16 in. plates 

24 in. — using 24 in. x 37-11/16 in. plates 

32 in. — using 2 courses of standard 16-in. 
plates between ribs 

37-11/16 in. — using standard plates 

lengthwise (with ribs) 

48 in. — using 3 courses of standard 16-in. 

plates between ribs. 


advance per cycle in large 
tunnels in knife clay 


Because of the rate of squeeze in knife 
clay, important loads generally develop within 
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the service period of the support system. The 
chance of a blow must never be dismissed. 
When it occurs, the air pressure drops marked- 
ly, resulting in an increased load on the support 
system until the pressure can be restored. Con- 
sidering this, lagging and main supporting 
members in knife clay are heavier than in the 
same size tunnel in raveling ground. Lagging 
transmits loads to the ribs by bridge action in 
the case of lags, and by a combination of bridge 
and arch action in the case of liner plates. 
Therefore, the greater the spacing of the ribs, 
the heavier the lags must be. Since wider spac- 
ing necessitates heavier components of main 
supporting sets, manual manipulation of these 
members can become extremely arduous. The 
concentration of load on the footing is also a 
limiting factor in rib spacing. Spacing, then, is 
an economic matter. Experience has shown 
that a 2-foot spacing is economical in softer 
grades of knife clay, using either liner plates 
or lags; or a 2-1/2 to 3-foot spacing in stiffer 
knife clays, using lags. 
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Chapter 11 
Mining in 
Cohesive-Running Ground 


Earth tunnels are frequently located above 
the water table in moist, fine sand, or in sand 
and/or gravel with a very weak binder (such as 
silt or traces of clay). Ground of this type has 
at least a trace of cohesion and, immediately 
after exposure, has a fairly stable appearance. 
Yet, the stand-up time may be much shorter 
than the three to five minutes it takes to exca- 
vate a unit for standard liner plates. On the 
chart in Figure 3-6 the points representing such 
ground are located to the left of Curve C». 


After a pocket has been excavated in this 
kind of ground, it stands for a few moments, 
then starts to ravel, and immediately there- 
after runs like lumpy sugar. This ground may 
be called cohesive-running ground. The length 
of time before raveling starts hinges on the 
properties of the ground and the size of the 
opening. The larger the opening, the quicker 
it will ravel and run. Any vibration of the 
ground such as caused by a train passing over- 
head, street traffic, or pneumatic tools at 
work in the tunnel shortens the stand-up time 
still further. 


If the tunnel is located below the water 
table, this ground will be a flowing ground. 
Generally, compressed air will dry up the tun- 
nel heading, and the ground will behave as if 
the tunnel were situated above the water table. 


behavior of ground at heading 


In cohesive-running ground, a vertical cut 
usually can be made without starting a run. 
Nevertheless, the face soon sluffs off and, if 
allowed to continue, a run will develop. 


A run in this kind of ground is not a serious 
peril to the tunneling operation itself. The sand 
merely runs into the tunnel until it forms a pile 
at the face; when its surface rises to about a 34 
degree angle from the horizontal, the run stops. 
Though not hazardous, runs can be expensive. 
In the first place, material from the run is lost 
ground. It originates from above the tunnel. 
Consequently, settlement of the ground above 
the tunnel will eventually occur and, in the 
case of tunnels under built-up areas, damage to 
structures, service installations, or pavements, 
will impose costly repairs. Also, when mining 


operations are resumed, it is found that the 
ground adjoining the site has lost its cohesion, 
becoming true, running ground which must be 
shut off by forepoling before normal mining 
can be continued. Mucking-out and disposing 
of the extra ground creates yet another item of 
expense, as well as a delay causing important 
loss of footage. However, when properly done, 
breasting practically eliminates the possibility 
of a major run. While mining through cohesive- 
running ground, the face is kept breasted at all 
times. 


bracing of breast boards 


Ground that can be classified as cohesive- 
running ground does not impose any serious 
loads on the breast boards. Nonetheless, they 
must be held firmly in place, each one braced 
independently. In a small tunnel mined full- 
face, breast boards are invariably placed hori- 


Breast Board 





Wedge 


Figure 11-1 Bracing of Breast Boards 
in Small Tunnels 


Tunnels up to about 10 feet wide in sand can usually be 
breasted by boards extending across the tunnel. Each 
board is individually braced against the completed lining 
by a diagonal brace at each end. 


113 

















Columns (a) 


Breast Boards 





Cross Section (b) 


Figure 11-2 Bracing of Breast Boards in Intermediate Size Tunnels 


(a) is a horizontal section through a 17-foot wide heading 
in slightly cohesive sand and (b) is a cross section. The 
breast boards are divided in the middle. The outer end of 
each board is braced by a diagonal brace to the flange of 
-a completed course of liner plates. 


zontally. In tunnels high enough to require a 
bench, the face in the heading is breasted hori- 
zontally, and the bench either horizontally or 
vertically. A common and effective method of 
holding them is to brace each end of each 
board straight back to a completed course of 
support, as indicated in Figures 11-1 and 11-2. 


One-piece breast boards braced at the 
ends are satisfactory for tunnels up to about 10 
feet wide. Over this width, the breasting sys- 
tem becomes more complex. Breasting must be 
divided into two or more panels. Intermediate 
supports are required, against which the inte- 
rior ends of the breast boards may be braced. 
These supports consist of vertical posts tightly 
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Vertical columns b wedged tight between roof and bench 
serve as a reaction for the horizontal braces c that hold 
the inner ends of the breast boards. To advance, a second 
pair of columns d is placed ahead of the columns b to 
brace against when the boards are moved forward to their 
position indicated by the broken line. 


wedged between the crown and the bench or 
bottom. 


Figure 11-2 presents a plan and cross-sec- 
tion of a tunnel heading 17 feet wide in cohe- 
sive-running ground. This tunnel is too wide to 
be breasted with boards extending completely 
across the tunnel; so the boards were divided 
in the middle. The outer ends of the boards are 
braced diagonally back to the flanges of the 
liner plates, indicated in Figure 11-2a. Vertical 
columns b serve as reactions for the braces c 
that hold the inner ends of the breast boards. 
To advance, two additional columns d are set 
at a distance equal to the width of one course 
of support ahead of columns b. As each breast 
board is worked, it is braced against these new 





columns d, as indicated by the broken lines. At 
the end of the cycle, columns b have been freed 
and are stepped forward one course ahead of 
columns d for the next advance. 


Wider tunnels entail a finer subdivision of 
the breasting that introduces other complica- 
tions. Since wider tunnels are also higher, heav- 
ier columns are required, and it may be neces- 
sary to brace these back to the completed sup- 
port to increase their capacity to carry horizon- 
tal pressure. Because these columns are higher, 
benches are needed to brace them — a situa- 
tion which leads to more problems. Breasting 
a large-bore tunnel is a slow, tedious, and 
costly undertaking. 


For each advance, whether it is 16 inches 
or 6 inches, the entire breast structure must be 
torn down and rebuilt. This additional work, 
done by the miners, adds to the time taken to 
advance the working face over a distance 
equal to the width of one course. Any effort 
spent to develop a fast routine to handle breast- 
ing pays handsome dividends in terms of prog- 
ress. 


unitary excavation with 
spiles and liner plates 


The use of spiles with 16-inch wide liner 
plates is a modification of the ancient forepol- 
ing method of mining. Wood spiles are boards 
generally 3/4 inch thick, 6 or 8 inches wide, 
and 24 to 28 inches long. The leading ends are 
sharpened to resemble wood chisels, as illus- 
trated in Figure 11-3, which shows a spiled 


tunnel ready for the next advance. (In a com- 
pressed-air tunnel, wood spiling constitutes a 
fire hazard, therefore steel spiles should be 
used.) Steel spiles are thin steel sheets with 
shallow corrugations running lengthwise for 
stiffness. They have the same width and 
length as wood spiles. 


If the spiles are only 6 inches wide, ground 
with a stand-up time almost down to zero can 
be mined since the unsupported opening need 
never be wider than 6 inches nor deeper into 
the face than 8 or 9 inches. The time during 
which the roof of the spile pocket is exposed is 
brief, often only a fraction of a minute. If it 
were as much as a half-minute, this would cor- 
respond to a unit stand-up time, 


Ry = bt; = 1/2 x 1/2 = 1/4 min. 
or 15 seconds for a test pocket one foot square. 


Figures 11-3 to 11-8 illustrate the various 
steps in the spile cycle. The first step is to re- 
move the top breast board b shown in Figure 
11-3. The wedges c supporting the leading end 
of one spile in the previous course are then re- 
moved (if they hadn’t fallen out when the 
breast board was dismantled). 


The second step is to thrust a 6-inch 
straight miner’s spade into the face at an up- 
ward angle as shown in Figure 11-4. A down- 
ward and backward pull forces out the sand 
below the spade; a second thrust deepens the 





Figure 11-3 Spiling Method — 


Spiles a are boards 6” to 8” wide by 28 inches long with 
one end sharpened to a chisel point, or thin corrugated 
steel plates of the same dimensions. Their leading edges 


Heading Ready for Next Advance 


are supported by wedges c driven into the ground. Breast- 
ing boards b confine the face. Liner plates e support the 
spiles. Hay is liberally used to prevent runs. 
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Figure 11-4 Spiling Method — Starting the Spile Pocket 
The first step in the spile cycle is to remove the top breast board and the wedges supporting one spile. 
Then a6-inch miner's spade is used to start the pocket. 








Figure 11-5 Spilling Method — Entering the Spile 


The spile is inserted above the spade. Both spile andspade are worked forward by wiggling the spade 
up and down while pushing forward. 





Figure 11-6 Spiling Method — Advanced Splle 


The spile is pushed forward until its rear end clears the liner plate flange. 
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Figure 11-7 Spiling Method — Positioning the Spile 


The rear end of the spile is raised up above the liner 
plate and the spile is drawn backward over the liner plate. 
Block g is placed between it and the liner plate to provide 





clearance for the liner plate to be erected. Wedges c are 
driven into the ground to support the nose of the spile. 
This completes the cycle. 


-h 


Figure 11-8 Spiling Method — Installing the Liner Plate 


After enough adjacent spiles have been erected, the liner 
plate is installed and bolted. The leading edge is tempo- 
rarily supported by block h. Block f is inserted under the 


hole. Then one miner inserts the spile over the 
spade and works it forward as the other miner 
wiggles the spade up, down, and forward to 
loosen the sand (Figure 11-5). Hay is placed on 
the top of the spile as it is positioned and 
worked forward. This prevents runs. 


The spile is advanced until the rear of it 
will pass the leading flange of the liner plate, 
as shown in Figure 11-6. 


The third step is to raise the rear tip of 
the spile and pull it back so thatit comes to rest 
near the front end of the liner plates. The 
wedges c are driven into the ground at the for- 
ward end of the spile. The back end is raised 
and blocks g are inserted to provide clearance 


spiles so that when the next course is started they cannot 
drop down when the wedges. c are removed. 


for erecting the plate. Figure 11-7 depicts the 
final position of the spile. This operation is 
called the spile cycle. The time required is rela- 
tively short; less, probably, than the time it 
took to read these few paragraphs. 


the spile/liner plate cycle 


The spile cycle is repeated for spiles on 
either side of the top-center until enough spiles 
have been driven to open space for a standard 
size liner plate. The top breast board is then 
placed as indicated by the dotted lines in Fig- 
ure 11-7. The top liner plate is installed, as 
shown in Figure 11-8, and wedge blocks f are 
slipped up over the forward flange and back to 
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give support to each of the spiles just driven. 
The liner plate is temporarily supported by a 
brace Ah. 


This procedure is then followed around 
and down each side until a point is reached 
where mining with liner plates can be contin- 
ued without the help of spiles. Ordinarily, this 
point is several degrees above the spring line. 
From there on down, liner plates are installed 
without spiles. As spiling proceeds downward, 
following the arch, one breast board at a time 
is removed, the sand ahead of it is excavated, 
and the breast board is reinstalled 16 inches 
ahead (Figure 11-9). 


progress with spiling 
liner plate techniques 


The spiling technique is the ultimate in 
unitary excavation. When it is used, the in- 
stallation of each liner plate is preceded by 
several spile cycles and manipulations of 
breast boards. Cramped space prohibits the 
assigning of more men to work the face, al- 
though both sides must be worked down simul- 
taneously. These miners must therefore per- 
form all the supplementary operations. Prog- 
ress is unavoidably slower than is realized 
when using the standard unitary excavation 
method. Nevertheless, the procedure is a great 
deal faster and less expensive than forepoling. 





Figure 11-9 Spiling Method — Completing the Course 


Installation of spiles and liner plates proceeds simultane- 
ously on both sides of the tunnel, coupled with the advance- 


ment of the breast boards one ata time, until the complete 
course has been installed. 


Chapter 12 
Mining through Running 
or Flowing Ground 


characteristics of running 
and flowing ground 


In tunnel vernacular, running ground is 
the term loosely given to any ground which 
runs, flows, or washes when an opening is 
made in the breasting. In its promiscuous use, 
the term is inaccurate. To be specific, running 
ground should only be applied to dry or moist 
ground which only moves because the ground 
lacks cohesion. The term flowing ground ap- 
plies to saturated ground which moves pri- 
marily in response to forces exerted by water. 
The methods of handling these two kinds of 
ground are so different that unless this distinc- 
tion is made early, confusion is inevitable. 


In coarse-grained, flowing ground (such as 
medium or coarse sand), water flows through 
the voids in the soil and drags the grains 
toward the opening. The effect of this flow is 
chiefly a washing or erosive action. In fine- 
grained, flowing ground (such as silt), soil 
and water move together, much as the ingredi- 
ents of a soft paste. In either type of flowing 
ground, the violence with which the ground 
rushes into a tunnel through an opening in- 
creases with the hydrostatic head at the work- 
ing face. In contrast, the rate at which running 
ground enters a tunnel through an opening is 
practically independent of the depth of the 
tunnel. 


To illustrate the difference, the character- 
istics of dry beach sand, which is a perfect ex- 
ample of running ground, or, when it is below 
the water table, a perfect example of flowing 
ground, will be examined. The flowing charac- 
teristics are imparted to the ground by water. 
Because tunneling in flowing ground is ex- 
tremely difficult, every effort must be made to 
rid the ground of free water. If this can be ac- 
complished, flowing ground becomes, at worst, 
running ground, but more often, cohesive- 
running or raveling ground. 


The hazards and expense of mining 
through flowing ground are so immense that 
heavy cost of controlling water by such mea- 
sures as drainage or compressed air is justified. 
If water control is impractical or impossible, 


flowing ground must be mined in the flowing 
state. This may be unavoidable under the fol- 
lowing circumstances: 


(a) When the tunnel is too far below the 
water table for compressed air. 


(b) When attempts to drain the site or dry 
up the tunnel with compressed air are only par- 
tially successful due to excessive air leakage or 
inadequate weight of overburden. 


(c) When the tunnel is too short to justify 
the cost of an air plant, a well-point system, or 
a shield. This is quite often the case when driv- 
ing a short tunnel under a highway, railroad, or 
a waterway to connect trenches on either side. 


(d) When, if possible, the contractor wants 
to avoid installing an air deck and vertical 
locks in the access shaft to a tunnel through 
flowing ground. This can only be done by driv- 
ing the first section of the tunnel in free air. 
The air lock cannot be installed in the tunnel 
until the distance between the shaft and the 
tunnel heading becomes substantially greater 
than the length of the air lock. 


mining conditions in running 
and flowing ground compared 


Both running and flowing ground are char- 
acterized by a stand-up time equal to zero. In 
both types of ground it is necessary, first, to 
breast the face, second, to make the lining of 
the roof and sides skintight, and third, to keep 
the leading edges of the roof and side supports 
buried at all times in the ground ahead of the 
excavation. In every other respect, these two 
types of ground behave so differently that tun- 
neling methods through each are equally dis- 
similar. 


The most important differences between 
running and flowing ground are: 


(a) Running ground ceases to move as 
soon as the slope angle of the invading mate- 
rial approaches 34 degrees from the horizontal. 
A run merely delays the mining operation and 
possibly creates some settlement. Flowing 
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ground moves like a viscous liquid. If miners 
do not succeed in stopping this flow, the 
ground does not come to rest until the tunnel 
is flooded to a long distance from the working 
face. 


(b) Roof pressure in running ground is 
moderate. Roof pressure in flowing ground can 
be almost equal to the full weight of the soil 
located above the roof. 


(c) The pressure of running ground 
against the breast boards is very moderate. In 
flowing ground, heavy pressures can be ex- 
pected. 


(d) The bearing capacity of running ground 
is appreciable. The bearing capacity of flowing 
ground is negligible. The load on the roof of 
tunnels in running ground usually can be car- 
ried by ribs resting on footings. In flowing 
ground, a tubular lining is required, for little or 
no bearing capacity exists. If conditions call for 
a flat bottom, it must be covered with a stiff 
floor. 


These conditions are summarized in Table 
12-1 below. 


Table 12-1 
Characteristics of Running and Flowing Ground 
Running Flowing 
Ground Ground 
Intensity of runs Independent of Sand — varies 
tunnel depth. directly with 
hydrostatic 
pressure. 


Soft silt —varies 
directly with 
overburden depth. 


Roof pressure Moderate High 
Pressure against Very moderate High 
breast boards 

Bearing capacity Appreciable Negligible 


Tubular lining or 
flat bottom with 
a stiff floor. 


Type of support Rib on footings 
(or circular) 


breasting in ground 
with little cohesion 


The purpose of breasting is to confine the 
ground at the vertical face so that it will not 
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sluff, run, or flow into the tunnel. In cohesive 
grounds (fast-raveling or cohesive-running), 
the stand-up time of the exposed vertical sur- 
face varies inversely with the area exposed. In 
fast-raveling ground, it may not be necessary 
to breast the face while advancing. If mining 
is to be discontinued for an hour or more, the 
face must be supported to prevent the incep- 
tion of sluffing. Breasting erected when mining 
stops may consist of a few planks reaching 
across the tunnel with wide vertical spaces be- 
tween them. 


In cohesive-running ground, it is possible 
to make a vertical cut with a height equal to the 
width of one or two breast boards. Stand-up 
time is generally sufficient to place the boards 
against the newly excavated face and brace 
them. Exposure of any large area, however, 
may bring disastrous results. In this ground, it 
is necessary to cover the face completely and 
excavate it down by working one breast board 
at a time in sequence and simultaneously with 
the mining-in of liner plates. 


In these types of ground, no great pressure 
is exerted against the breast boards which 
need only a small amount of bracing. Since the 
ground will stand a vertical cut, boards can be 
quite long. 


breasting in running ground 
such as dry sand 


In contrast to cohesive ground, running or 
flowing ground of any kind moves instantly 
when an opening in the roof or face is made. 
The leading edge of the roof support members 
must be kept far enough ahead of the breasted 
face to prevent a run from starting. This must 
be done before the top breast board can be re- 
moved and the face mined down, one board at 
a time, very carefully. Sometimes it is neces- 
sary to mine across the face, placing hay and 
holding it in place with short vertical bars so 
the breast board can be set. These bars can be 
used over and over. 


Whatever type of roof support is used — 
whether it be forepoling, spiles, or poling plates 
— itis essential that a line drawn from the tip of 
the poling member to the lower edge of the 
top breast board shall rise from the horizontal 
at an angle less than the angle of repose of the 
ground encountered at the face. This angle for 
dry sand is about 34 degrees. If the Line a in 
Figure 12-1 rises at an angle of, say, 25 to 30 
degrees from the horizontal, the top breast 
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Figure 12-1 Breasting in Running Ground 


In order to remove the top breast board without causing 
a run, it is essential that the poling members penetrate 
the ground ahead far enough so that Line a connecting 
the tip of the poling member with the bottom of the top 
breast board, rises from the horizontal at an angle less 
than the angle of repose of the ground. Dry sand has an 
angle of repose of about 34°. Line a should rise at an angle 
of 25 to 30 degrees. 


board can be removed without starting a run. 
To advance the board to its new site, thesandis 
scraped away down to Line a. The board is then 
pushed against the sand, and the sand is 
scraped out from under it until it is properly 
placed in its new location, where it is blocked. 


The vertical width of the remaining breast 
boards is selected so that Line a Figure 12-2 





Figure 12-2 Width of Breast Boards 
in Running Ground 


The width of the breast boards must be so chosen in rela- 
tion to the length of the advance that Line a drawn to 
connect the bottoms of any two breast boards makes an 
angle with the horizontal less than the angle of repose of 
the ground. 


(which joins the lower edge of any board in its 
advanced location with the lower edge of the 
next board below in its old location), does not 
rise from the horizontal by more than 34 de- 
grees. The width should not exceed 12 inches; 
if any wider, they are too unwieldy to handle. 
As each board is worked, the sand above Line 
a is scraped away and the board placed against 
the one above with its bottom edge resting on 
the sand. Scraping the sand away from below 
the board, as indicated in Figure 12-3, allows it 
to be lowered without losing ground, usually. 


Since this operation is awkward for long 
breast boards, each tier of boards can be sub- 
divided into two or more sections. Inasmuch 
as each board must be braced individually 
as it is placed, the system of bracing is more 
complicated. While the pressure of dry sand 
against the breasting is not particularly great, 
it is considerably greater than that exerted by 
cohesive-running ground. Ä 


breasting at shallow depth below 
water table in free air 


If a mixture of sand and gravel located be- 
low the water table contains a small amount 
of a binder, such as clay, it may ravel rapidly; 
or it may flow, depending on the head of water 
and the permeability of the mixture. In either 
case, the face must be breasted. 


If the water table is located below the roof, 
and the ground contains a binder in some 
amount, it usually can be breasted using the 
same technique as prescribed for dry sand. If 
the permeability of the ground is fairly high, 
water may wash sand particles into the tunnel. 
This can be prevented by liberally “buttering”’ 
the breast boards with hay. 


If the water table is located at or a few 
feet above the roof, breasting is more diffi- 
cult, for water reduces the slope of Lines a in 
Figures 12-1 and 12-2. The distance to which 
the forepoling members are driven ahead of 
the breasted face must then be increased. Ad- 
vancement of the top breast board demands 
great care, because considerable ground may 
be lost in the process. After a little headroom 
has been gained from advancing the top board, 
the next lower board can be inserted with spil- 
ing techniques. 


breasting at considerable depth 
below the water table in free air 


The term considerable depth implies that 
the roof of the tunnel is located more than a 
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Shove in Hay, and 
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Then Replace Board 


Figure 12-3 Advancing the Breast Boards in Running Ground 


The top breast board is advanced by pushing it against the 
sand while scraping sand out from under it. 


few feet below the water table. Because of prob- 
lems with breasting, driving of free-air tunnels 
in cohesionless or almost cohesionless ground 
at a considerable depth below the water table 
is one of the most difficult of all tunneling op- 
erations. 


Controlling water with deep wells, well 
points, even grouting, is essential in such 
ground if tunneling costs are to be kept within 
manageable bounds. 


poling plate mining 
in running ground 


A set of poling plates is simply a sectional 
shield overlying the upper portion of a liner 
plate structure, from 180 degrees to 120 de- 
grees of the ring. 


Poling plates are usually 8 or 12 inches 
wide. Along each side of each plate an inter- 
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The lower breast boards can be advanced by working them 
downward at their new site, scraping the sand out from 
under as they are dropped. 


lock provides a positive link between each 
poling plate. Near the front end, and on the 
inside, a driving lug engages the forward end 
of the poling plate jack. When the poling plate 
has been advanced, this lug is about 20 inches 
ahead of the leading flange of the liner struc- 
ture, and the tail rests on the last course of 
plates. 


Poling plates without an interlock are oc- 
casionally used. They amount to flat plates 6 to 
12 inches wide, with a driving lug welded to the 
underside near the nose. They are especially 
handy when boulders are encountered (see 
below). 


Several kinds of poling plates have been 
used over the years, but the interlocking type 
appears to be the most advantageous because 
it forms a tight skin and can be readily ad- 
vanced with a hydraulic jack designed for this 
use. 





Figure 12-4 


Flat poling plates are relatively easy to ad- poling plate cycle 
vance but difficult to steer. They have a tend- 
ency to overlap and to branch off. Where boul- The mining cycle begins by removing the 
ders are present, they can be put to work quick- top breast board, taking care to stop any incip- 
ly to cut off the run that follows when a boulder ient runs with hay. As the poling plate is 
drops. shoved forward (with a hydraulic jack), a 
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Figure 12-5 


miner rakes sand out from under the nose of up to prevent the plates from binding. For this 
the top center poling plate. Hay should be reason, the front must be wedged up or out. 
within the miner’s reach in case a run starts. 

The poling plate is advanced about half of its Poling plates on either side are advanced 
forward travel. It is important to keep the nose the same distance. This cycle is then repeated 
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for another 8-inch advance. The ground is 
scraped out flush with the top of the second 
breast board, and the top breast board is set 
against the ground 16 inches forward. The next 
lower breast board, along with poling plates 
located at its ends, are then similarly advanced. 
This process continues downward until the 
spring line is reached. Liner plates are now 
erected and, if necessary, a rib is installed; and 
a new cycle is started. 


manipulation of poling plates 


Poling plates are not particularly difficult 
to manipulate but certain care must be exer- 
cised. In pure sand, driving is fairly easy. At- 
tention must be paid to see that they climb and 
do not dive. Specially designed hydraulic jacks 
exert push to the lug in a forward and upward 
direction. A sufficient amount of sand must 
be raked out and away from the front of the 
nose to make it easy for poling plates to climb 
slightly. If they dive, there will not be enough 
room left to erect liner plates to the proper 
grade. When interlocked poling plates dive, 
they are crowded together, causing them to 
bind in the interlock, which makes advance- 
ment arduous or impossible. If they climb too 
much, it is no trouble to let them down. If they 
bind, they can be pulled back by jacking 
against a board at the face, hooking the thrust 
bracket on the pushing bracket of the poling 
plate. 


Flat poling plates have a tendency to sep- 
arate. Interlocked poling plates tend to roll, 
that is, to work around so that they move below 
the spring line on one side and above the spring 
line on the other. 


It is essential that the crown poling plate 
travels parallel to the axis of the tunnel. Other- 
wise, there can be trouble. If rolling occurs, the 
low plate is left behind. On the opposite side, 
the plate corresponding to the low plate stays 
too high. This leaves the adjoining strip of roof 
without adequate support. To add a poling 
plate on this side calls for advancing a monkey 
drift a distance equal to the length of one plate. 


Poling plates are by far the most common- 
ly employed accessory to liner plates. These 
plates are normally used in fast-raveling 
ground and in cohesive-running ground, espe- 
cially where surface settlement is to be avoided. 
They eliminate the possibility of a run which 
might result from a change in ground condi- 
tions, or from careless mining, or both. Poling 
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plates are used in ground known or suspected 
to possess an erratic structure and are carried 
through the good stretches so that they are 
available whenever the ground changes. Slow- 
er progress, which their use in slightly cohesive 
ground may cause, is not important; the pro- 
tection they give against runs more than ade- 
quately compensates for the slowdown. 


progress with poling plates 


Progress with poling plates is always slow- 
er than progress achieved with unitary exca- 
vation. Headway relies to a large measure on 
the character of the ground. In fast-raveling 
ground, which can be mined without breasting, 
progress is approximately 70 to 85 percent of 
that accomplished by unitary excavation. 
Breasting further impedes progress because it 
requires unitary excavation of the face. If the 
ground is bad, a great deal of time will be used 
breasting down, whereas the time needed to 
advance poling plates will remain about con- 
stant. Progress surpassing 50 percent of that 
made in unitary excavation should not be ex- 
pected whenever it is necessary to breast while 
mining, even in the best of running ground. 
Much slower progress can be anticipated as the 
ground gets worse. 


forepoling on steel ribs 
in flowing ground 


Every effort should be made to convert 
ground from flowing to running or raveling 
ground. 


Flowing ground is the most difficult ground 
that can possibly be encountered in tunnel 
work. The tunnel man has two good tech- 
niques, however, to make flowing ground more 
workable: compressed air and drainage. If 
these methods cannot be used for economic or 
other reasons, the tunnel builder is compelled 
to revert to the traditional method of forepol- 
ing, shown in Figure 12-7. 


These poles are driven ahead, sloping out- 
ward from the axis of the tunnel, around the 
roof, the side walls, or even around the bottom. 
The face is then excavated in increments, ad- 
vancing the breast boards one by one, in one 
or more stages until the site for the next course 
of ribs is cleared. The next rib is erected, the 
front ends of the poles being supported by the 
ground ahead. 
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Figure 12-6 Forepoling Method 


Poling boards are cut off just back of the supporting rib 
set prior to concreting. Wedge or block is driven tight as 


Figure 12-7 


Cantilever forepoling boards are forepol- 
ing boards with a length that is considerably 


Rib Spacing 





more than twice the spacing of ribs. With the 


older style poling board, as soon as the tail end 
clears the rib, the front end will drop, unless it 
is supported either by the ground beneath the 
front end or by a prop shoved in ahead. All this 
risks losing ground. And it calls for careful min- 
ing. Moreover, if props are needed, progress is 
retarded in order to advance the face in two or 
more stages. 
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shown after cutting poling board. 


All these time-consuming inconveniences 
can be avoided by employing cantilever fore- 
poling boards. Their great length, prevents 
the rear end of these boards from rising, since 
it bears beneath the second rib back from the 
face. Therefore, the front end cannot drop, 
unless bending breaks the board. Because these 
boards carry the weight of the overburden by 
cantilever action, the soil beneath the front 
part of the boards can be removed rapidly in a 
single stage without special precautions and 
without risk. 


Another advantage of cantilever poling 
boards is that they can be driven the full dis- 
tance. Bridge or short poling boards must be 
pried or jacked forward after the back end has 
passed the second rib set from the face, and 
then rotated. 


At any convenient time before concreting, 
the tails of the boards are cut off, just behind 
the rib which supports them. Wedges or blocks 
are driven into the space between them and 
the forward end of the previous course of pol- 
ing boards. The short, half-length poling 
boards which have been sawed off can be used 
later as bridge-type forepoling boards or as 
lags on the sides of the tunnel. 


To minimize the cost of cantilever poling 
boards, they are only used in that part of the 
arch where short poling boards cannot be in- 
stalled without special precautions. The two 
ends of this section are located between the 45 
and 60 degree points of the arch. 


stalled without special precautions. The two 
ends of this section are located between the 45 
and 60 degree points of the arch. 


steel forepoling 


When confronted by gravel with boulders, 
it is advantageous to use steel poling boards, 
not wooden ones. Their thin cross-section and 
smooth surface, penetrate gravel more easily 
than wood, and disturb the gravel less. 


Structural steel channels, as well as 
formed channels, are used as forepoling. Steel 
channels penetrate gravel with relative ease 
and they withstand heavy driving forces. They 
also can be driven so that they form part of a 
cone, without gaps, which is another advan- 
tage. This is done by placing them with the 
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flanges alternately up and down, and with the 
back ends close together. They are driven from 
the curved rib so that their center lines diverge 
slightly. Thus, when the forward ends are 
driven home, they lie on the circumference of a 
circle larger than the one on which the back 
ends rest. The axis of each channel can be kept 
in a plane passing through the axis of the tun- 
nel; yet the channels will form a gapless cone. 


The forepoling technique is a requisite for 
handling flowing ground. It may be used also 
in water-bearing ground with fast-raveling 
characteristics. In some regions, forepoling on 
steel ribs is used in place of the liner plate- 
poling plate technique in running or cohesive- 
running ground as well as in fast-raveling 
ground above the water table. Choice of tech- 
niques is based fundamentally on economic 
considerations. 














Chapter 13 
Tunnel Construction Procedures 


The five preceding chapters have dealt 
only with methods of excavating andinstalling 
the lagging elements of an underground sup- 
port system. Little has been said about how the 
lagging is supported after it has been mined-in 
and before the permanent lining (usually con- 
crete) can be placed. The design and type of 
the main load-carrying structure must be 
adapted to the general procedures of tunnel 
construction. This chapter contains a brief sur- 
vey of these procedures. 


concrete closely follows excavation 


advantages of follow-up procedure 
in earth tunnels 


It is general practice in earth tunneling 
to concrete as close to the face as practicable. 
That is, the permanent concrete structure ad- 
vances with the excavation operation, but at 
some distance back from the face. Unques- 
tionably, the concreting operation alone would 
be far less costly if the tunnel were holed 
through and then concreted in one operation, 
as in rock tunneling. But there are several 
sound reasons for this step-by-step procedure. 
One or more of them will be of concern in 
every earth tunnel, the effect of which is 
enough to overbalance the lower cost of con- 
creting in one operation. These reasons are dis- 
cussed in the following paragraphs. 


minimizing hazards arising 
from emergencies 


Hazards arising from emergencies must be 
either eliminated or minimized. Ground that is 
good during the dry season may become heavy 
during a rainy spell. Work may be suddenly 
stopped by strikes. Floods may interrupt the 
work or even flood the tunnel itself. However, 
that portion of the tunnel which has been con- 
creted is safe from danger. Since it is the con- 
stant aim of the earth tunnel builder to hold 
his gains, this protection is good insurance. 


economy in support 


When concreting closely follows excava- 
tion, the service period of the support system is 


kept to a minimum. Thus, the support system 
functions for only a small portion of the period 
of load-increase of the ground, minimizing 
loads to be carried by the support. Therefore, 
it is possible to lower the cost of the support 
system by using lighter material. Reduction of 
loads also lowers the risk of objectionable set- 
tlement caused by overloading the ground be- 
low footblocks. 


advantages of follow-up procedure 
in compressed-air tunnels 


beneficial effects of follow-up procedure 


Today the use of compressed air in earth 
tunnels is very common. The principal prob- 
lems, as said before, arise from air leakage and 
the consequences of blows. The follow-up — 
or step-by-step — procedure of excavating and 
concreting in synchronized stages reduces the 
chances for these problems to materialize. 


air leakage 


Compressed air is applied to a tunnel to 
dry up the face or to help support the ground. 
In either case, a certain amount of air may es- 
cape. This amount increases in direct propor- 
tion to the area of contact between the ground 
and the compressed air. This area of contact 
can be minimized by concreting as close to the 
face as conditions permit. In some cases, it is 
necessary to concrete right up to the face every 
day. The concrete lining, unless defective, re- 
tains the air, although it must be grouted to fill 
all voids between the lining and the ground to 
prevent air from passing along the outer sur- 
faces of the lining. Escaping air nullifies the 
beneficial effect of concreting as well as the 
original purpose of air pressure itself. 


The effects of air leakage are not neces- 
sarily hazardous to the tunnel unless a leak 
expands into a blow. However, if the capacity 
of the air plant is limited, it may be impossible 
to keep the pressure high enough to dry up the 
bottom. If the heading is losing large quanti- 
ties of air, it is apt to become uncomfortably 
warm, unless provision has been made for 
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cooling. The cost of power needed to produce 
compressed air beyond that required for venti- 
lation is an added expense that can run to siz- 
able figures. Also, air may leak into sewers and 
disrupt homes or businesses in the area. 


blow hazard 


Whenever compressed air is used, the pos- 
sibility of a blow exists to cause a sudden loss 
of air pressure. The higher the air pressure and 
the greater the exposed earth surface, the 
greater the risk. While blows occur more fre- 
quently in porous ground, they are not un- 
known in impervious clay. A cavity in clay 
(such as a drill hole) or a weakened subsurface 
structure (such as a defective sewer line lo- 
cated above or close to a tunnel in clay) may 
cause a blow. 


A blow may mean a loss of the heading. If 
mining through water-bearing ground, the tun- 
nel may be flooded, gravely imperiling workmen 
ahead of the air lock in the tunnel. Of course, 
work cannot be resumed until the hole through 
which the blow occurred has been plugged, the 
air pressure restored, the tunnel pumped out, 
and the muck (washed in by the water) removed. 


On the other hand, nothing may happen 
immediately. But during the time taken to 
plug the blow-hole and to restore the air pres- 
sure, the support system is overloaded, in turn, 
overloading the ground beneath the foot- 
blocks. This may cause the support structure to 
subside and, later, the surface and adjacent 
structures to settle. More settlement may con- 
tinue on the heels of the clay’s rapid advance 
toward the tunnel while the air pressure is low. 
It is seldom possible to bulkhead the face with 
enough speed and strength to prevent this 
movement except in very small bores. 


prompt grouting to minimize settlement 


If a tunnel is located under streets or near 
structures susceptible to damage from even 
moderate settlement, it is also necessary to con- 
crete while mining so as to minimize settle- 
ment. As pointed out in an earlier chapter, it is 
impossible to mine so precisely that liner plates 
will make full contact with the ground. The 
annular space between the liner plates and 
the ground may be filled with hay or gravel dur- 
ing mining, but it will not be completely filled 
under the best of conditions. The effect of 
hay is only temporary. Sooner or later, ground 
will move in to fill the space, and when it does, 
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there will be settlement at the surface. By con- 
creting soon after mining, and promptly grout- 
ing the annular space through holes in the con- 
crete, these voids will be filled before movement 
of the earth can start. 


progress estimates based on 
completed footage 


The advantages of concreting close to the 
face in earth tunneling are obvious. The prac- 
tice is so general today that engineers, in pre- 
paring construction contracts, usually pay 
monthly estimates on the basis of footage of 
completed tunnel rather than on yardage of 
excavation or other criteria usually prescribed 
for rock tunnels. These comments only apply, 
of course, to tunnels having monolithically 
poured concrete linings. Tunnels with precast 
pipe linings must be holed through, at least 
between shafts. 


hole-through procedure 


circumstances under which hole-through 
procedure is used 


The follow-up cycle cannot be used unless 
the size of the finished bore will permit the 
transport of materials to and from the work- 
ing face. If the height of the finished bore is 
lower than about 6 feet, the tunnel is probably 
holed through before it is concreted. If it is 
smaller than 4 or 3-1/2 feet, this procedure is 
obligatory. For economic reasons, very short 
tunnels also are holed through before concret- 


ing, as are tunnels where precast pipe is to be 
used. 


cross-section of small-bore tunnels 


Small-bore tunnels are driven almost ex- 
clusively for sewage systems. The smallest 
rough bore which can be mined advantageous- 
ly has a diameter of 4 feet, with the inside diam- 
eter of the flanges of liner plates 3 feet 8 inches. 
In such a small hole it is practically impossible 
for more than one miner to work at the face. 
Therefore, headway is slow, and it is often 
more economical to drive a 5-foot rough bore 
that will accommodate two miners who will 
speed tunneling progress. Tunnels with an inter- 
nal diameter of 6 feet or less are commonly 
lined with precast concrete or vitrified clay 
pipe, and the space between the pipe and the 
liner plates is backfilled with lean concrete, 
sand, or tunnel spoil. The diameter of the fin- 
ished bore may be as small as 24 inches. 








technique of hole-through procedure 


The customary procedure is to work from 
shafts that are rather closely spaced, i.e., 150 to 
500 feet apart. Because the tunnel is small, the 
work shafts are also quite small and relatively 
inexpensive. They may be (and often are) en- 
largements of manholes required at intervals 
in sewer lines. 


Mining proceeds both ways from each 
shaft to the halfway point between shafts. 
Then the concrete crew takes over. Normally, 
a concrete cradle is located in the invert, start- 
ing the pour at the halfway point and progress- 
ing backward to the shaft. The pipe sections 
are then placed, starting at one end and pro- 
ceeding from shaft to shaft. Concrete backfill is 
poured as the pipe is placed. In good ground, 
tunnels with a rough bore up to 7 feet or even 
8 feet may be holed through. 


compressed air leakage reduced 
by mudding and grouting 


The same disadvantages and risks are 
present when holing through small or large 
tunnels, except they cannot be avoided in small 
tunnels. These are ordinarily driven with a full 
circle of liner plates of proper strength to take 
maximum earth pressures that can develop in 
several months. Most hazards stemming from 
loads are eliminated. But in porous ground, 
leakage of compressed air may develop to be 





quite serious due to the large area of ground 
exposed to the air. If the ground is known to be 
porous over long stretches, an adequate air 
plant with generous cooling capacity is usually 
installed. If, however, this porosity prevails 
over short stretches only, air leakage can be 
minimized. In the early days of tunneling, leak- 
age was minimized by mudding the joints of 
liner plates to make them hold air. Wet, sticky 
clay was smeared over the flange and around 
the bolts of the plates. This effectively held the 
air only as long as the clay was kept wet and 
plastic. 


Such tunnels were sometimes grouted as 
the liner plates were installed, though this was 
not completely effective since compressed air 
forced the grout away from the tunnel before it 
could harden. It was believed by some builders 
that a soupy mixture of clay and oats as grout 
was more effective than the usual mixture of 
sand and cement. The clay sealed and the oats 
swelled, thus blocking small passages. Because 
the only function of the grout was to fill outside 
voids and seal the ground, no strength was re- 
quired, therefore conventional grout had no 
advantage over a clay slurry. 


Today, air leakage through steel linings is 
prevented by rubber gasketing material ap- 
plied over the flanges, as.shown in Figure 13-1. 
This eliminates leakage between the flanges 
and through the bolt holes. 





Figure 13-1 
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hole-through procedure often 
used for short tunnels 


It isnot unusual that lines of trench sewers 
intersect railroad or highway embankments. 
In spite of their depth below the roadbed or 
roadway, it is ordinary practice to tunnel 
through the embankment. The reasons are fair- 
ly plain. In the case of a railroad, while there is 
some danger in working from the surface while 
trains are running, the cost of supporting 
tracks is usually much more than the cost of 
tunneling. Many such tunnels therefore have 
been driven, some with as little cover as 3 to 
5 feet. And, of course, tunnels crossing high- 
ways can be built without interfering with 
traffic. 


Tunnels through embankments are usually 
short, their length ranging from 50 feet to per- 
haps 150 feet. Even if they intersect a wide 
highway at a sharp angle, their length will 
hardly be more than 300 feet. Because these 
tunnels are indeed short, it is uneconomical, 
usually, to organize and train enough men to 
operate around-the-clock. They are driven with 
one mining shift, and concreted after the tun- 
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nel is excavated. Since the duration of the ser- 
vice period is long, support is heavier than 
needed for a short period. 


methods of attack 
full-face method 


Hand mining demands a surface on which 
miners can stand to do their work. A miner can- 
not be expected to reach more than 6 feet 
above this surface if his performance is to be 
satisfactory. If the height of the tunnel is no 
more than 6 feet, miners can stand on the bot- 
tom of the tunnel. So tunnels up to that height 
are‘mined full-face. Tunnels up to 10 or 12 feet 
high, with linings extending down to subgrade, 
are also mined full-face by hanging several 
planks across the face to form a work platform, 
as shown in Figure 9-11. 


heading-and-bench method 


If the height of the tunnel is greater than 10 
or 12 feet, the heading-and-bench method of at- 
tack must be employed. A top heading is exca- 
vated some distance ahead of the invert, there- 
by providing a base on which miners can stand 
to excavate the arch. Figure 13-2 represents a 
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Figure 13-2 Heading-and-Bench Method in Circular Tunnel, Single Bench 


In a 13-foot diameter tunnel the bench is located about 7 
feet below the crown to match with the joints of the liner 
plates. A short secondary bench at the face is located 6 
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feet down, but with a slot on each side to permit liner 
plates to be installed. 


longitudinal section of a tunnel with a 13-foot 
diameter rough bore. The face ofthe heading is 
forward of the face of the bench. Consequently, 
the excavation is divided into two operations, 
arch mining and bench excavation. They may 
be performed simultaneously or during differ- 
ent shifts. The choice turns to factors discussed 
below. 


The main bench is about 7 feet from the 
crown, not far below the level of the set of joints 
in the liner plate ring closest to the spring line. 
Since the height of the working face should not 
be over 6 feet, a secondary bench is left at 6 
feet below the crown of the tunnel (in the mid- 
dle only). There, miners can work-in the crown 
plates. The roof of the tunnel excavation above 
the bench is supported by a semi-circular arch of 
liner plates. The spring line is 6 feet 6 inches 
below the crown, whereas the bench is 7 feet 
below it. This allows the two abutments of the 
arch to be supported by blocks resting on the 
bench. 


multiple benches required 
in large tunnels 


If the vertical distance from spring line to 
crown exceeds 8 or 9 feet, two or more benches 
are probably used above the spring line. The 
lower bench will be a few inches below the 
spring line of the support structure; and the ver- 
tical distance from bench to bench will be 6 
feet or less. Some tunnels, it can be concluded, 
are driven with three or even four benches. 


Figure 13-3 depicts an intercepting sewer 
tunnel of the Sanitary District of Chicago. The 
height of the tunnel from subgrade to crown is 
24 feet 2 inches, and the vertical height from 
crown to the spring line of the concrete lining is 
15 feet 9 inches. This particular tunnel isin stiff 
and hard clay which required light blasting to 
loosen it for the mucking machine. It was de- 
sirable to hand-mine as little as possible, remov- 
ing maximum yardage with power equipment. 
Therefore, the contour of the support structure 
departed somewhat from the design line of the 
concrete structure (the spring line of the support 
structure was 2 feet 2 inches above the con- 
crete spring line). Two main benches and an 
intermediate drift were required, as indicated. 
The intermediate bench on each side could be 
termed a slot bench; miners worked in a slot 
beside the top bench. 


The face of the heading at the upper two 
benches was in the same plane, nominally. At 
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times, though, the face at the top bench was 
ahead of the face at the intermediate bench, as 
shown in the drawing. The face at the lowest 
bench was always some distance back of the 
face of the second bench to provide a working 
platform for the miners of the second bench. By 
putting the spring line of the support structure 
above the spring line of the concrete structure, 
and by using slot benches, maximum yardage 
was left in the core to be blasted and then re- 
moved by mucking machines. 


multiple benches in ground 
that requires breasting 


Because this tunnel was in stiff clay, breast- 
ing was not necessary. Had a tunnel of this size 
been driven through running ground, or ravel- 
ing ground with a short stand-up time (such as 
described in Chapter 9), breasting would have 
been required. The job would have been com- 
plicated that much more. 


Steel liner plates used in conjunction with 
unitary excavation have simplified the breast- 
ing problem. Now, the face of the core can be 
sloped backward at the angle of repose of the 
earth through which the tunnel is driven. Very 
little breasting is necessary, for the liner plates 
can be mined-in so that the lower ends of the 
courses are stepped down to follow the natural 
slope of the ground. Mining large tunnels in 
ground requiring breasting is discussed in 
Chapter 17. 


bench influences support system 
and concrete procedure 


The bench introduces other factors into the 
excavation plan that influence the design and 
proportioning of the support system as well as 
the concreting procedure. Support must be tai- 
lored to and synchronized with the excavation 
and concreting routines. They may differ with 
every job. The process of mining-in the liner 
plates remains the same, however, whether the 
tunnel is large enough to require the heading- 
and-bench method or small enough for the full- 
face method. The difference occurs in the layout 
of the members which constitute support for the 
liner plates — and in the methods of supporting 
the upper portion of the tunnel while the lower 
position is excavated. 


needle-beam method 


In large tunnels, the top heading is mined- 
out and the ground above is supported. Some 
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Figure 13-3 Multiple Benches in a Large Tunnel in Spade Clay 


Since the distance from crown to concrete spring line which accounts for the long main bench. Muck from the 
was 15 feet 9 inches, the steel spring line and main bench crown drift and upper bench was dropped over the rear 
were placed 2 feet 2 inches above the concrete spring of the main bench by a belt conveyor (not shown) and 
line to increase the yardage of excavation done with the loaded by the mucker. 

mucking machine. Blasting of the bench was required, 





provision, of course, must be made to carry the 
roof and side loads while the bench is being ex- 
cavated and the invert concreted. Years ago, 
before the advent of solid, four-corner liner 
plates, open-corner plates were used as lagging 
only. Therefore they required bracing. A needle 
beam was advanced into a small, so-called 
monkey drift, and each of these was supported 
by it as the heading was advanced. Forward 
support ofthese beams was given by the bench; 
a heavy post, resting on the invert concrete pre- 
viously placed, supported the back end. It 
could also rest on a support hung from the roof. 
In those days a post was placed under the 
needle beam at the face of the bench; another 
was positioned at the rear of the needle beam 
totheroof. Liner plates were thus supported and 
held in place as the bench was excavated, the 
forward plates by cantilever action of the 
needle beam. As the bench caught up with the 
face, the monkey drift was being advanced for 
the next cycle. The concrete lining would then 
be placed and the jacks removed, freeing the 
needle beam. 


Solid, four-corner liner plates have changed 
this tedious procedure and the monkey drift is 
no longer needed. The top heading is made 
longer and, in raveling ground where jacks are 
used to hold the crown plates, they are either 
removed when the plates can be supported on 
sills or footblocks at the bench, or reset off- 
center to allow the needle beam to be advanced. 
The function of the needle beam is now purely 
to support the roof and sides across the bench 
excavation. 


construction cycle when 
using a needle beam 


Mining in the top heading follows normal 
procedures. As conveyors carry the muck out, 
the bench is excavated and the support braced 
to the needle beam until the lining is completed 
to the invert. As the bench is cut down, tempo- 
rary jacks hold the roof, if necessary. Jacks are 
not always needed since the membrane strength 
of the lining is adequate for this short section. 


When the bench has been excavated up to 
a point 4 to 6 feet from the front end of the 
needle beam, and when the lining is also com- 
pleted to this point, the needle beam is moved 
forward for another cycle. 


Recognizing its limitations, the needle- 
beam technique is still valid in modern tunnel- 
ing to overcome certain severe conditions or un- 


usual situations such as a high narrow tunnel 
too short to justify special equipment. 


introduction of 
unbraced steel support 


braced liner plates used in 
the early days of steel support 


When liner plates first gained acceptance, 
they were braced either to a needle beam or to 
subgrade. They were usually of light plate, i.e., 
1/8 inch thick. Their function was to receive the 
earth load and to transmit it to the bracing jacks 
placed against them. Should the load become 
heavy, more jacks were installed. There were 
times when the heading actually grew so full of 
jacks that work was hindered. 


These bracing systems made it necessary 
to concrete right up to the face or bench every 
day. It also required placement of concrete by 
hand, using knock-down, lagged forms that 
added little to efficiency. With the development 
of concrete placing machinery and traveling 
forms (which lowered the cost and improved 
quality), concreting became less frequent and 
the pours larger. Not only could the cost of this 
operation be cut, but more shifts per week 
would be actually mining. 


factors that lead to adoption 
of unbraced steel lining 


All of the preceding led to the universal 
adoption of self-supporting steel lining struc- 
tures. The technique of earth tunneling was 
notably improved. Unitary excavation with 
liner plates became possible. Moreover, the 
use of a structure requiring no bracing gained 
several benefits, all lowering the cost of tun- 
neling: 


(a) Without bracing, the working face in 
the heading is clear, allowing liner plates to be 
mined-in faster. Time once lost securing braces 
now can be spent mining, which gains footage. 


(b) Self-supporting structures make it pos- 
sible to advance the heading and bench simul- 
taneously. The number of mining shifts is there- 
by doubled. 


(c) In large tunnels it is possible (though by 
no means general) to mine continuously even 
while concreting the invert, although mining 
operations are usually closed for at least one 








shift while the invert is being poured. It is also 
possible but not usual to continue mining while 
the arch is concreted. 


(d) Several days’ progress can be concreted 
in one pour. As a result, better utilization of 
capital equipment is obtained making it more 
economical with every increase in yardage of 
concrete per pour. 


effect of construction cycle 
on service period 


service period of steel support 


Steel support structures must support the 
ground during the entire support service per- 
tod, which was defined in Chapter 3 as the time 
which elapses between mining and concreting 
of the arch. This period ranges between a mini- 
mum of 16 hours and amaximum of about three 
weeks for normal size tunnels. 


The corresponding period for tunnels that 
are holed through may extend over several 
weeks or months. In most types of ground, loads 
on a tunnel structure increase over a period of 
time (see Chapter 4). Time from the start of 
this phenomenon until the load ceases to in- 
crease is known as the load-increase period; 
it varies from a few hours to several years. Any 
support structure must be proportioned to safe- 
ly carry whatever loads may develop within the 
support-service period. The longer the service 
period, the heavier the steel lining must be. 


service period lengthened to 
realize concreting economies 


As remarked above, the more concrete 
poured at one time, the lower the unit cost of the 
concrete becomes. To realize these economies, 
footage may be accumulated for two, three, or 
four days before pouring, which lengthens the 
service period of the lining. No matter what the 
footage may be, the invert is usually poured on 
one day, and the arch forms are transferred 
ahead and poured on a later day. Consequent- 
ly, the distance from the face to the concrete 
arch is increased at least the length of the in- 
vert pour. The presence of mucking machines 
or shovels in the construction of most large 
tunnels limits concreting of the invert to a dis- 
tance back of the face. Room also may have to 
be made ahead of the arch forms for switching 
muck cars and other work operations. Increas- 
ing the distance between the working face and 
concrete arch lengthens the service period of the 
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steel lining which, in turn, calls for heavier 
steel members. The economies in the cost of 
concrete and labor must be balanced against 
higher costs of temporary support. The construc- 
tion plan must take this into account if total 
costs are to be minimized. 


organization of the job 


In planning and organizing the job, the 
number of headings as well as how the concrete 
and mining crews will be rotated are prime con- 
siderations. Both mining and concreting are 
specialized operations. Miners do not place 
concrete. Concrete gangs do not mine. Yet each 
specialty must be employed simultaneously 
and continuously. Rotation of these work crews 
must be adapted to the number of available 
headings. 


one-heading cycle 


In a tunnel with one heading, one concrete 
shift (for each two shifts of miners) usually 
pours every day. Because the yardage is small, 
the concrete crew can pour both an invert and 
an arch on its shift. Figure 13-4 represents a 
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Figure 13-4 One-Heading Cycle in Average Ground 


Each day mining is done in two shifts, and concreting 
during the remaining shift. 


P = mining progress in feet per 8-hour shift. 


Support service period = 11 shifts = 3-2/3 days, normally. 
It can be considerably longer; and in exceptional cases, 
it also can be reduced to one day. 


The footing-service period in average ground is 24 hours 
or longer, but it can be reduced to 16 hours if the bottom 
is soft. 


normal one-heading cycle in a heading-and- 
bench tunnel. Mining starts at midnight Sun- 
day, proceeding through the first shift, ending 





at 8:00 a.m. Monday. The concrete gang then 
takes over and finishes at 4:00 p.m., after 
which the second shift of miners completes the 
day ending at midnight. With this scheduling, 
each crew has its regular hours of work. 


If P equals feet of tunnel mined per shift, 
the clearance between invert pour and bench is 
P. The length of the invert pour willbe2 Pand 
the length of the arch form will be 2 P. By the 
time the arch form is filled, the length of roof 
carried on the steel support is 7 P or more. Ac- 
cording to the diagram, mining at Point A 
starts just after midnight on Monday morning 
and the arch forms at A are filled by 4:00 p.m. 
Thursday. The service period of the support in 
this schedule is 3-2/3 days (one day longer over 
Sundays). 


The first footing at Point B is installed 
shortly after 4:00 p.m. on Monday. The invert 
concrete is poured by 4:00 p.m. Tuesday. In this 
example, the footing-service period is 24 hours, 
equal to one day during the week and two days 
over Sunday. 


one-heading cycle modified 
for soft bottom 


If the bottom is weak, the one-heading cy- 
cle is altered to eliminate the clearance (or dis- 
tance) between the bench and the invert con- 
crete by pouring the invert right up to the 
bench each day. If the bottom is very weak, the 
first shift will mine the heading, the second 
take out the bench, and the third concrete the 
invert. This modification to the cycle reduces 
the footing-service period to less than 16 hours. 
The support-service period, however, may be 
much longer, depending on how far back the 
arch form may be. 


When braced liner plates and knock-down 
forms of ribs and lags were used, it was cus- 
tomary to concrete the invert first and then 
erect and fill the arch forms on the green invert, 
cutting the support-service period to one day. 
Today’s traveling forms make it necessary for 
the arch to lag behind the invert. In emergen- 
cies, however, the former, outmoded procedure 
can be followed, which is why it is mentioned. 


two-heading cycle 


If two headings are being worked, five min- 
ing shifts and one concrete shift can be em- 
ployed. In this cycle the length of the invert pour 
becomes 5 P, and the length of the arch forms 5 





P,as shown in Figure 13-5. The figure represents 
a tunnel with east and west headings driven 
from a shaft. The concrete lining is heavily rein- 
forced. Mining is done by five crews. Four min- 
ing crews on the midnight to 8:00 a.m. shift 
and the 4:00 p.m. to midnight shift mine their 
respective headings. One crew on the 8:00 a.m. 
to 4:00 p.m. shift alternates between the two 
headings. 


Iron workers on the 8:00 a.m. to 4:00 p.m. 
shift emplace reinforcement steel for the in- 
vert. Routinely, they work on the invert during 
the first four hours, then move back to set arch 
steel for the last four. Meanwhile, preparations 
are made for the invert pour, which is started 
as soon as possible after the iron workers have 
completed their job. At the end of the shift, the 
concrete gang lays planks to protect the green 
concrete, and relays the tracks so that mining 
can be resumed on the next shift. These two 
crews — iron and concrete — work together, al- 
ternating headings each day as they inter- 
change with miners on the 8:00 a.m. to 4:00 
p.m. shift (see paragraph above). 


Arch concrete is poured during the 4:00 p.m. 
to midnight shift by a separate crew. There is no 
interference with mining. Work can go on and 
the muck cars can continue to pass under the 
forms. It is assumed that the reinforcing steel 
for the arch has been set on the preceding 
shift after setting the invert. If not, additional 
iron workers must be hired. Only with such 
closely tuned coordination can the concrete 
gang be expected to immediately move the 
forms forward and proceed with their pour 
when coming on shift. 


In the two-heading cycle represented as 
typical in the diagram, the roof is carried by the 
steel lining for a distance equal to 12 P by the 
time the arch form is filled. The mining at Point 
A is done at 8:00 a.m. Monday, and the arch 
pour is completed at midnight Friday. The sup- 
port-service period, then, is a matter of 4-2/3 
days, increasing to 5-2/3 days over the weekend. 
Support was installed at Point B shortly after 
midnight Tuesday, and invert concrete was 
placed by 4:00 p.m. Thursday. The footing-ser- 
vice period was 1-2/3 days. 


influence of mining progress and 
construction-cycle on length of 
forms and service period 


Using modern techniques in ground which 
can be mined with liner plates or lags, and 
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Figure 13-5 Two-Heading Cycle 


Mining-in each heading proceeds for five shifts and is 
then discontinued for one shift during which the invert is 
concreted. 


Using a normal two-heading cycle, the support-service 
period is 4-2/3 days. However, more often than not, the 
arch forms are much further back from the invert pour 


which does not require breasting, mining can 
be advanced from about 3/4 to 1-1/2 feet per 
hour. Knife clay affords perhaps the fastest 
progress. Any advance greater than 2 feet per 
hour ranks as quite rare. These figures seem to 
apply regardless of the size of the tunnel. 


Based on 1-1/2 feet per hour in a two-head- 
ing operation, P for an 8-hour shift becomes 
12 feet. The length of the invert and arch form 
pour become 60 feet. A minimum of 144 feet of 
arch is carried by the supports. Arch forms are 
frequently kept several pours behind the invert, 
as said before, to give more working room near 
the face for switching cars, the storage of emp- 
ties and loads as well as supplies of support com- 
ponents, and accumulation of reinforcing bars 
for both the invert and the arch needed in the 
next pour. In such cases, the distance between 
the heading and the arch forms may be two or 
more times the minimum distance, with a pro- 
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for operating convenience, which increases the support- 
service period. 


The footing-service period is 1-2/3 days. If the bottom 
is good it can be increased by lengthening the distance 
between the face and the invert concrete. If the bottom 
is bad, the one-heading cycle may be used. 


portionate prolongation of the support-service 
period. 


four-heading cycle 


Four headings are often worked from two 
shafts. These jobs can use 11 mining crews and 
one concreting gang for the invert. A project of 
this magnitude would produce an invert pour 
of 11 P and an arch form 132 feet long. A 132- 
foot invert is too much for one shift, especially 
if reinforcing bars are involved. More probably, 
mining would proceed for 10 shifts and be dis- 
continued for two shifts. One of these would be 
reserved for placing steel bars in the invert, 
the other for concreting. Thus the invert pour 
would be 10 P; the length of the roof section 
carried by the support system at least 17 P (but 
more, often double); and the service period at 
least 8 days (but probably more than 2 weeks). 


As for the arch, the form is usually made 
about half the length and concreted in two 
shifts. Concreting does not interfere with the 
mining. 


Where the ground at subgrade is soft and 
would settle unduly during the 5 days preced- 
ing the concreting of the invert, a two-heading 
cycle might be used, or, in extreme situations, 
a one-heading cycle. 


Obviously, the cycle really used in a four- 
heading operation deviates in many ways from 
the one outlined here for any number ofreasons. 


For one thing, it may not be possible to re- 


cruit such a large force of skilled miners, or to 
provide the number of heading bosses required 
for 10 mining shifts. Ground conditions may be 
erratic so that mining must be discontinued in 
one of the headings for a shift or a day. A break- 
down of a mucker in a heading will interrupt 
the mining. Failure of the concrete gang to 
complete their invert pour on time would delay 
the start of mining on the next shift. If some- 
thing happens in one heading while 10 mining 
crews are operating, the crew of that heading 
must be sent home or other work must be found 
for them. Therefore a four-heading job probably 
will be undertaken with 7 mining shifts rather 
than 10. This keeps one heading available for 
a crew in the event its own heading has to be 
shut down. 
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Chapter 14 
Self-Supporting Liner Plate Linings 
in Small-Bore Tunnels 


In the pioneer days of steel lining, self- 
supporting liner plates were limited to use in 
very small tunnels in good ground. In larger 
tunnels these plates were braced. When pump- 
crete and traveling forms entered tunnel con- 
struction, they needed a clear bore. As a nat- 
ural consequence, steel liner plates were im- 
proved and supplied in heavier gages. Now, 
soft ground tunnels supported only by liner 
plates, have been more than doubled in size. 
In larger tunnels, the same proportionate in- 
crease has been achieved with steel ribs. 


Adding ribs to support structures opened 
the way for steel and wood lagging along with 
liner plates. Techniques have been devised 
to control all kinds of ground in any size tun- 
nel with steel supports without bracing. All of 
these linings are, therefore, self-supporting 
structures. They can be divided into four main 
groups: roof linings, open-bottom linings, 
floored linings, and full linings. 


(a) Roof linings are linings that are footed 
on a shelf or in hitches at some elevation above 
subgrade, usually close to spring line. They are 
subdivided by type of components into: 


1. Liner plate roof lining, in which liner 
plates serve not only as lagging but also as 
load-carrying members. 


2. Rib roof lining, in which arch ribs carry 
the load. Lagging may be liner plates or 
lags, either steel or wood. 


(b) Open-bottom linings are linings footed 
at subgrade, approximately. This secondary 


group is further classified by types of compo- 
nents into: 


1. Liner plate linings. 
2. Rib linings. 


3. Composite linings, in which a liner plate 
roof lining rests on wood side walls. 


(c) Floored linings are open-bottom linings 
resting on a floor, in all likelihood constructed 
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of wood planking, possibly overlaid with wood 
or steel invert struts. 


(d) Full linings are linings that extend 
completely around the periphery of the tunnel 
cross-section. Being cylindrical it is called a 
full-circle lining. It may be composed of liner 
plates only, or of full-circle ribs that are wholly 
or partially lagged with plates or lags, or both. 
Full linings other than circular can and have 
been made but such are rare. 


This chapter treats linings of liner plates 
able to hold ground without ribs. 


liner plate roof linings 
roof protection in raveling ground 


Raveling ground of any kind develops 
very little weight within the normal service 
period of a lining, provided raveling is not 
allowed to start. Another characteristic of rav- 
eling ground is that it develops little or no side 
pressure. A lining with just the proper strength 
to prevent raveling is sufficient in this kind of 
ground. If the permanent lining can be con- 
structed before the sides start to ravel, only the 
roof need be supported, i.e. by a roof lining. In 
tunnels no wider than eight feet, roof lining 
of plates is probably the most economical. For 
widths from 8 to 12 or 13 feet, these linings can 
be used, but their costs should be compared 
with those of rib roof linings. Since the thick- 
ness and cost of liner plates increase with the 
breadth of span, it becomes more economical 
to support the roof by rib roof lining if the tun- 
nel is wider than, say, 12 feet. 


The load-bearing capacity of a roof lining 
is no greater than the load-bearing capacity 
of the hitch or shelf on which it rests. In cir- 
cular tunnels through slow-raveling ground, it 
is generally possible to support the roof lining 
on a narrow shelf at or slightly below spring 
line. In medium-raveling ground it is neces- 
sary to rest the support lower down to take 
advantage of a wider shelf so that the ground 
below the footblocks or sill will not sluff off. In 
straight-sided tunnels in slow-raveling ground, 
a much wider shelf must be provided at spring 
line, entailing greater excavation and larger 











quantities of concrete. Roof linings cannot be 
used in fast-raveling ground because of the in- 
stability of the shelf. 


partial liner plate roof lining 
supported by timber sticks 


In slow-raveling ground (ground that has 
sufficient stand-up time for full-arch excava- 
tion), it is possible to obtain adequate roof 
protection with a partial roof lining. In this 
tunnel, the liner plate courses should be stag- 
gered, which calls for alternate long and short 
courses of liner plates. Support for these plates 
are short wooden sticks. These are splayed 
into hitches cut into the earth just below spring 
line, assuring good footing. 


When the roof lining is supported in this 
manner, the sticks should not be tangent to the 
liner plates they support but should have a 
greater tilt as shown in Figure 14-1. This is to 


Tangent 
Line \\\ 
I 





Spring Line 


Figure 14-1 Partial Liner Plate Roof Lining 


In slow-raveling ground, a small tunnel may require 
support in only the upper half of the arch. A partial liner 
plate roof lining supported by sticks may be used eco- 
nomically. 


The sticks should rise at an angle to the tangent line at 
the end of the liner plate course to prevent their kicking 
inward due to excess loads on the haunch. 


prevent the stick from kicking inward under 
loads that develop at the haunch. Should it 
kick inward, the liner plate roof will tend to 
fold inward also, possibly causing a collapse. 
Positioning horizontal jacks at the quarter- 
points is a precaution that can betaken against 
such a possibility. These jacks are removed as 
soon as the arch form is advanced. 


A partial roof lining is the cheapest roof 
support that can be constructed from liner 
plates. Quite obviously, such a lining can only 
be used in small-bore tunnels through ground 
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that will develop little load within the service 
period of the lining. In any other case a full 
roof lining is needed. 


liner plate roof lining with 
shelf support in raveling ground 


Every roof lining is an arch, and no arch is 
better than its abutments. Therefore, a self- 
supported roof lining can only be installed in a 
tunnel through ground that will not sluffaway 
from below the footblocks before the tunnel 
can be concreted up to spring line. 


Many small-bore tunnels are driven 
through raveling ground with a clay content 
sufficient to give it a stand-up time of a half- 
hour or more for a 16-inch advance. This cor- 
responds to a unit stand-up time R, of 40 min- 
utes or more. A vertical face in such ground 
usually will stand for several days before it 
starts to sluff off. Additionally, this particular 
ground does not develop much weight if no 
large voids are left behind the liner plates 
when mining them in. Thus, in ground of this 
kind a liner plate roof lining can be used. 


location of shelf 


The arch of liner plates in a roof lining 
rests on a shelf cutin the ground slightly below 
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Figure 14-2 Liner Plate Roof Lining Footed in a Shelf 


The roof lining is footed on a shelf just below spring line. 
The radius of the plates is equal to the radius of the 
extrados plus the width of the shelf. 


Joints are staggered. In some cases (as shown in the 
sketch) alternate courses are a half-plate shy at each 
side, and the short courses are not footed. In other cases, 
half-plates are used to bring all courses down to shelf 
level. 


spring line at each side of the tunnel. The 
plates are bent to a radius exceeding the radius 
of the tunnel structure by about the width of 
the shelf. The shelf is located at a distance be- 
low spring line which is about equal to the 
width of the shelf. Figure 14-2 illustrates these 
dimensional relationships for a circular tunnel. 


shearing resistance of ground 
determines width of shelf 


The width of the shelf is determined by the 
ability of the ground below the footblocks, or 
sill, to carry the load received from the liner 


plates. If loaded too heavily, the ground will 
shear along a curved surface Sz (Figure 14-3). 
The bearing value of the shelf depends on the 
gross shearing resistance ofthe ground, which, 
in turn, depends on the width of the shelf and, 
in a circular tunnel, on the position of the 
shelf with reference to the spring line (Figure 
14-3). The tunnel builder cannot change the 
unit shearing resistance of the ground, but he 
can increase the gross shearing resistance. He 
increases the area S; by selecting the appropri- 
ate radius of liner plates. In a circular tunnel, 
the area S; of the surface of sliding increases 
more rapidly than the radius Rz of the liner 





Potential Surface 
of Sliding Area S, 
per Foot of Tunnel 


Figure 14-3 Bearing Value of Shelf in Circular Tunnels 


To provide a shelf with a width B, for supporting the roof 
lining in a circular tunnel with radius R, the lining is 
bent to a circle with a radius A, equal to R + B,. The bearing 
capacity of the shelf is proportionate to the area per 
foot of tunnel of the surface S,. This area increases as the 
width B of the shelf increases but at a faster rate. As 
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the radius R is increased to provide a wider shelf, the 
shelf drops further below spring line and the surface S, 
emerges considerably closer to the center line because 
of the increased swing of the tunnel contour. The area 
therefore increases much faster than the width of the 
shelf increases. 

















plates (Figure 14-3) because with increasing 
values of R;, the shelf moves down and the in- 
ner edge of the surface of sliding moves toward 
the tunnel. Conversely, in tunnels with vertical 
sides, the area S; increases in direct proportion 
to the radius Rz. 


The departure of the liner plate arch from 
the design concrete line involves both extra ex- 
cavation and concrete. Hence, the shelf width 
should not be wider than necessary. Custom- 
arily, this width is about 6 inches. If, however, 
the ground will not sustain the load with a 
6-inch shelf, additional bearing area can be 
secured by working 12-inch footboards into the 
ground, as shown in Figure 14-4. A sizable gain 
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Figure 14-4 Increasing Shelf Capacity 
by Means of Footboards 


In order to increase the width of the shelf from B, to 
B without increasing the radius of curvature A, of the liner 
plates, footboards with a beveled edge are worked side- 
ways into the ground, as shown in the diagram. The 
length of the footboards should not exceed twice the 
width B, of the shelf. 


144 


in area of shear is thus effected. This procedure 
is more economical than increasing the radius 
of curvature of the liner plates. 


liner plate roof lining in clay 


In contrast to tunnels through raveling 
ground, the load on roof support in clay tunnels 
can be either very light or very heavy, depend- 
ing on factors other than the strength of the 
clay. As shown in Table 7-2, the load depends 
on the dimensions of the tunnel, the depth 
of overburden, the unconfined compressive 
strength of the clay, and air pressure. The 
width of the shelf must be adapted to both the 
roof load and the unconfined compressive 
strength of the clay at the level of the shelf. In 
tunnels through clay, shelf width will vary be- 
tween very wide limits. A roof lining in clay 
tunnels is not ordinarily used unless the roof 
can be supported safely by a shelf with a width 
of one foot or less. If a wider shelf is required, 
it becomes more economical, as well as less 
hazardous, to use an open-bottom type of lin- 
ing. 


knife clay not strong enough 
to support a roof lining 


In tunnels through knife clay, the rate of 
increase of the load on the roof lining can cause 
important loads to build up within the service 
period of the shelf. Furthermore, the bearing 
value of knife clay is so low that the clay shelf 
on which the liner plate arch rests is apt to give 
way before concrete can be placed. 


Consequently tunnels through knife clay 
are constructed mostly with full-circle or 
floored linings. Roof linings have only been 
used in very small tunnels with a width of five 
or six feet and which were driven at a shal- 
low depth under compressed air through knife 
clay that was almost too stiff to be excavated 
by hand. ` 


spade clay generally satisfactory 
for roof lining 


In tunnels through spade clay, the initial 
load on the roof lining is usually small, and the 
clay which forms the shelf is strong. Roof lin- 
ings should be considered. If the tunnel is 
wider than 8 or 10 feet, and the clay is relative- 
ly weak, the service period of the shelf is mini- 
mized by concreting up to the liner plates every 
day. On the other hand, if concreting cannot be 
done until the tunnel is holed through, a full 


lining should be used, regardless of the stiff- 
ness of the clay or the dimensions of the tunnel. 
Conditions of this sort, however, are found 
only in tunnels that are very short or have a 
very small diameter. 


If the arch is located in knife clay, but the 
lower part of the tunnel is in spade clay, a 
roof lining can be used if proper attention is 
paid to (a) the increase of the roof load that oc- 
curs during the service period of the shelf and 
(b) the capacity of the spade clay to sustain it. 


daily concreting to spring line 
advisable when using a roof lining 


The weakest part of a roof lining is the 
shelf. In tunnels with roof linings it is advisable 
to concrete up to spring line each day. Once the 
lower ends of the liner plates are embedded in 
concrete, the roof is safe. And, since the liner 
plate arch will carry any loads likely to develop 
over a long period of time, the arch need not be 
immediately concreted. For this reason, the 
arch concrete in tunnels with a finished bore 
less than about 7 feet high is not poured until 
the tunnel is holed through. This delay pre- 
serves head room for as long as possible. When 
the arch is concreted, pouring starts at the 
farthest point from the shaft, and proceeds 
back to the shaft. 


span limits of roof lining 


Because the shelf on which a liner plate 
arch is supported has limited load-bearing ca- 
pacity, roof lining of plates is not suitable for 
tunnels over 8 feet wide in ground that re- 
quires any unitary excavation. However, in 
more cohesive ground that can be mined full- 
arch, roof linings can be used to advantage in 
tunnels as wide as 12 or 13 feet. 


open-bottom liner plate linings 


fast-raveling ground requires 
side support below spring line 


Liner plate roof linings can be used only in 
ground capable of being mined by the full-arch 
method or, at worst, by partial unitary excava- 
tion. Their use, then, is restricted to slow-rav- 
eling ground, clay, and other highly cohesive 
soils. When fast-raveling, cohesive-running, or 
running ground is encountered, a shelf or ledge 
cannot sustain load. As a consequence, the lin- 
ing must be footed at or near subgrade. These 
kinds of ground call for unitary excavation 


with liner plates alone or with the aid of spiles, 
shield plates, or poling plates; breasting may 
be necessary, also. To prevent sluffing or runs 
from the sides, the opening must be plated 
down to subgrade. A ledge will sluff off (lack of 
cohesion) even though the side pressure is 
usually low, and the bearing capacity at sub- 
grade will probably support the footings of a 
liner plate lining. (Note: This statement does 
not apply to flowing ground, often mistakenly 
called running ground. Linings footed on un- 
drained silt, i.e., quicksand, settle quite rapidly 
into the silt as the load on the roof increases.) 


open-bottom liner plate linings 


A self-supporting, liner plate lining is 
adaptable to tunnels with cross-sections re- 
sembling a horseshoe, hairpin, or beehive. They 
are known as open-bottom linings. For this 
configuration, plates are formed to the shape 
of the extrados and carried down to subgrade. 
There they rest on footblocks or a sill. 


Sometimes the outer contour of a circular 
tunnel is given a horseshoe shape. Plates are 
footed some distance above subgrade at a 
point where the tangent to the circle makes an 
angle of about 20 degrees to the horizontal, as 
shown in Figure 14-5. At this point, the ground 





Working Floor 





Figure 14-5 Open-Bottom Lining for a Circular Tunnel 


This sketch represents a cross-section of a tunnel of a 
driven 7-foot bore. In fast-raveling or running ground, 
an open-bottom lining of liner plates can be footed below 
the 20 degree line, thereby saving two liner plates per 
course, as compared with a full-circle lining. The ground 
is left in the invert to serve as a working floor until 
ready to concrete. This additional width facilitates trans- 
portation to and from the face. 
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is unlikely to be squeezed from beneath the sill. 
Fewer liner plates are needed than for a full- 
circle lining; and the extra width at the tem- 
porary floor line facilitates movement of mate- 
rials. Nonetheless, there are some offsetting 
costs to these advantages — extra excavation 
and concrete, and the construction of sills. Per- 
haps the strongest objection to these contours 
is that liner plates must be supplied in different 
shapes. Figure 14-5 illustrates this. Here, each 
second course consists of three curved plates 
and two combination curved-and-straight 
plates. The courses between contain two curved 
plates, two combination-curved plates, and 
two half-plates. Four types of plates have 
been used, whereas only one is used in full- 
circle linings. A multiplicity of plate designs 
can cause confusion and mistakes in their 
installation. 


side pressure and shape of 
liner plate lining 


Active side pressure is present in flowing 
ground, such as has been described in this 
chapter. In tunnels with cross-sections of al- 
most any shape (the exception being those tun- 
nels with straight sides), the force with which 
the liner plates covering the sides of the tunnel 
bulge outward against the ground is greater 
than the active inward pressure of the ground. 





eee nn ee ee — u 


Figure 14-6 Liner Plate Lining 

for Vertical Sided Tunnel 
When the walls of the tunnel are straight and vertical, 
the liner plates comprising the walls are curved as shown. 
The loads on the arch tend to bulge the liner plates 
outward, thereby maintaining outward pressure against 
the ground. 


146 


This outward pressure, caused by the load on 
the roof, counteracts the tendency of the 
ground to move toward the tunnel. Because the 
liner plate lining is flexible, the outward pres- 
sure has the additional ability to compact the 
backfill in overmined spaces. 


When a tunnel has straight vertical sides, 
plates below the spring line do not tend to 
bulge and, as a consequence, no outward pres- 
sure is exerted against the ground. Therefore, 
the extrados of such a tunnel is changed to use 
curved plates, as shown in Figure 14-6. A rela- 
tively small investment in extra concrete and 
excavation obtains the benefits of applying 
outward pressure against the sides of the tun- 
nel excavation. 


composite lining 


In tunnels with vertical or nearly vertical 
straight sides, it is sometimes both possible 
and desirable to use a liner plate roof lining 
down to or slightly above spring line and sup- 
ported on skintight vertical timbers resting on 
a sıll at subgrade. If the tunnel is under com- 
pressed air, this large expanse of continuous 
timber constitutes a fire hazard and would be 
unacceptable. Although there is little inward 
side pressure in these types of ground, the lin- 
ing against the ground behind the timbers ex- 
erts no pressure to counteract whatever side 
pressure exists. Therefore, it is advisable to be 
ready to install struts across the tunnel should 
the timber show signs of kicking in. Whether 
liner plates or timber are used as lining below 
the spring line is mostly a matter of economy, 
with timber favored if struts are not necessary 
and there is no danger of fire. 


open-bottom liner plate linings in clay 


Clay is characterized by its disposition to 
squeeze. The softer it is, the faster it develops 
weight — and the less bearing value it has. 
Thus, in softer knife clays, only a full-circle 
lining should be considered. There are three 
important reasons: (a) it collects the load from 
the roof and distributes it over the same area 
below (thereby removing any need to evaluate 
bearing value), (b) it resists side pressures 
equally as well as roof loads, and (c) it has the 
greatest strength per pound of metal used. 


If a circular cross-section is impracticable, 
then a heavy timber floor must be placed 
across the tunnel at subgrade. It provides a 
bearing for the lining, prevents the clay from 


squeezing upward into the tunnel, and stops 
the bottom of the lining from compressing in- 
ward. The footing being sound, liner plate lin- 
ings of proper thickness are ideal, provided 
they are curved from footing to footing, as in 
Figure 14-6. To accurately determine the 
strength of liner plates needed, the specifier 
must acknowledge the consistency of the clay, 
the size of the tunnel bore, the cover, the air 
pressure, the rate of advance, the amount of 
settlement that can be tolerated, and the time 
interval between mining and concreting. Ex- 
perience has demonstrated that, under average 
conditions, liner plate linings are economical 
in soft clays for tunnels as wide as seven or eight 
feet. Ribs together with lighter plates are more 
economical in wider tunnels. 


The load on the roof of tunnels in knife clay 
having the consistency of medium clay is less 
than that present in soft clay, all else being 
equal. In small tunnels (with a width to about 
eight feet), the floor can be omitted if the liner 
plates are supported by sills or footblocks with 
large dimensions. Wider tunnels must be 
floored. Arch ribs are not required unless the 
width of the tunnel is more than 9 or 10 feet. 
In any event, the invert should be concreted 
daily. 


Conditions in spade clay are still more fav- 
orable. Since this clay possesses sizable bear- 
ing capacity, flooring is not necessary in tun- 
nels of any width. Furthermore, liner plate lin- 
ings without arch ribs are feasible in tunnels 
as wide as 12 feet. A roof lining with shelf sup- 
port might also be considered as practical. 


It is not uncommon for the upper part of a 
tunnel to be located in knife clay and the sub- 
grade in spade clay. In such instances, the load 
on the roof can be supported adequately by 
sills or footings resting on the spade clay. Floor- 
ing, then, is not required. 


full-circle liner plate linings 


circular shape most economical per unit 
of cross-sectional area 


The shape of the cross-section of a tunnel 
has a direct influence on costs. This is particu- 
larly true in earth tunnels with a small cross- 
sectional area. Circular tunnels have the lowest 
cost per unit of cross-sectional area. For any 
given area of cross-section in a circular tunnel, 
the amount of excavation and the quantity of 


concrete are less than for tunnels of any other 
shape. In addition, a circle is best suited to 
sustain loads acting in both vertical and hori- 
zontal directions. Circular support mobilizes 
the passive resistance of ground located at vari- 
ous angles to the line of action of the active 
loads, practically eliminating bending stresses 
in the permanent lining. 


Circular tunnels are also the easiest and 
least costly to construct in ground where bot- 
tom conditions are not good and where a 
squeeze is likely to happen. 


The fact is that temporary supports for cir- 
cular tunnels in soft ground require less steel 
than any other cross-section. 


Obviously, the function to be performed by 
the tunnel dictates its shape. Sewer and water 
conduits are almost always circular since their 
purpose merely calls for a certain cross-sec- 
tional area. Diameters are seldom larger than 
12 feet. 


circumstances requiring full-circle linings 


In driving circular tunnels, certain com- 
binations of circumstances determine whether 
a full-circle lining should be used. In slow-rav- 
eling ground, only a roof lining is required; in 
fast-raveling ground as well as spade clay, liner 
plates may be stopped above subgrade at or 
near a 20 degree tangent to the design line (see 
Figure 14-5). Circumstances that make full- 
circle liner plate linings desirable or even nec- 
essary are discussed next. 


When the diameter of a tunnel is so small 
(six feet or less) that it must be holed through 
before the permanent lining is placed, a full 
lining avoids those difficulties and hazards la- 
tent in an open-bottom lining. During the long 
service period of the lining, which may amount 
to several months, significant loads may de- 
velop to overload the ground under the sills of 
any other type of lining. Also, rainwater filter- 
ing through the earth increases the load on the 
lining considerably. It may also soften the 
ground under the sills of an open-bottom lining, 
reducing its capacity to sustain the load. 


In compressed-air tunnels, cohesionless or 
slightly cohesive-flowing ground (such as fine 
or very fine sand) assumes the character of 
running or cohesive-running ground. Drainage 
has the same effect. If this running condition is 
maintained by compressed air or by drainage, 
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there remains a risk that air may be lost or the 
pumps may fail, thus letting the water return 
to destroy the footings under an open-bottom 
lining. Generally, some water will seep in at 
the bottom in spite of the compressed air. Traf- 
fic on silty ground can draw water, too, making 
the bottom very soft. Conditions, then, are not 
favorable for an open-bottom lining. 


A full-circle lining practically eliminates 
these problems. No footing trouble develops 
inasmuch as the unit pressure on the ground 
below the tunnel is no greater than the original 
overburden pressure. There is no deterioration 
of the subsoil of the footings from traffic over 
a bottom which is at least damp and often 
muddy, since there are no footings. 


Bottom conditions in flowing ground are 
so bad that full-circle linings are almost imper- 
ative. The only alternative is a heavy wooden 
floor, and it can be more expensive than a liner 
plate invert. 


In loose running-ground located above the 
water table, full-circle linings may be preferred 
over open-bottom linings in view of the very 
low bearing capacity of such ground. 


In essence, it is common tunneling practice 
to use full linings in (a) circular tunnels 
through any ground requiring unitary excava- 
tion, (b) tunnels in soft clay, and (c) tunnels 
which must be holed through before the per- 
manent lining can be constructed. 


economical size range of 
self-supporting liner plate linings 


Liner plates without ribs are possible lin- 
ings for tunnel widths or diameters up to 12 or 
15 feet, depending on the ground. 


Liner plates are more economical than rib 
linings when dealing with widths of eight feet 
or under. If wider than 12 or 13 feet, rib linings 
may be less expensive simply because less steel 
is involved. If the width of the tunnel is be- 
tween 8 and 13 feet, either of these two types 
of support may prove to be more economical. 
This will depend on ground conditions, of 
course, but also on the skills and experience 
of available labor. It’s always prudent to com- 
pare cost estimates before deciding. 
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installation of liner plates 
in full-circle 
and open-bottom linings 


general procedure 


Chapters 9 to 12 described mining tech- 
niques in various kinds of ground for arch liner 
plates. Installing liner plates below spring line 
was also briefly discussed. The following ad- 
ditional comments on the installation of liner 
plates refer exclusively to tunnels with diam- 
eters under 13 feet. Over this width, the main 
support members of lining are usually ribs. 
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Figure 14-7 Full-Circle Liner Plate Lining in Ground 
Requiring Partial Unitary Excavation 


In ground with unit stand-up ranging between Rs = 20 
Min. and Rs = 80 Min., it is advisable to mine-in 2 or 
3 crown plates ahead of the finished lining and to 
support them with jacks before bringing down the face. 
Thus any loads that may develop while completing the 
course can be handled. 


The platform of loose planks gives access to the crown. 
It is dismantled as soon as the face has been brought 
down within easy working distance of subgrade. 


One or two needle jacks at and near the face help to 
maintain roof grade. 


If the ground is stable and the face there- 
fore capable of standing without breasting, 
the full-face method is invariably employed. 
Furthermore, if it is stable enough to permit 
full-arch excavation, each course is mined-in 
and completed before proceeding to the next 
course. A platform of loose planks hanging 
from the lining about six feet below the crown 
gives miners access to the crown itself. As soon 
as all the arch plates have been installed, and 
when the face has been worked down to a foot 
or two below the platform, the platform is dis- 
mantled, the face is worked on down to sub- 
grade, and the bottom plates are installed. 


In ground that requires partial unitary ex- 
cavation, hanging platforms are also used. 
However, the crown plates may be advanced 
one or two courses ahead of the main face and 
blocked, as indicated in Figure 14-7. This 
blocking gives more support to the crown while 
completing the excavation of face and install- 
ing the bottom plates. 





In tunnels higher than 9 or 10 feet through 
ground calling for standard unitary excavation 
(with or without breasting), the heading-and- 
bench method can be used — but with a very 
short bench. The heading face is not more than 
8 courses of plates, or about 11 feet, ahead of 
the bench. More often it is only four or five 
courses ahead. A short bench minimizes both 
the time before the arch load is transferred 
onto the completed courses of bottom plates 
and the load itself. A sloping heading, as 
shown in Figure 14-8, avoids full breasting in 
the arch of a tunnel through cohesive-running 
ground. In this case, the bench is breasted by 
vertical boards worked down from the heading. 


Where spiling or shield plates or poling 
plates are needed, mining with the heading- 
and-bench method is necessary, together with 
breasted vertical faces. The face of the heading 
may be 8 or 10 courses ahead of the bench, pro- 
viding additional room for the complicated 
operation. Care must be exercised to maintain 


Temporary Post 
to Maintain 
Roof Grade 


Jack in Place 
until Sides and Bottom 
Quarters are Tight 


Figure 14-8 Sloping Bench In Fast-Raveling and Cohesive-Running Ground 


If the ground requires breasting, yet can be mined by the 
unitary excavation process, the floor near the heading 


may be sloped to reduce the amount of breasting at the 
face. The bench is confined by vertical boards. 
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roof grade and vertical needle jacks have to 
be kept in place until there is assurance that 
side and bottom quarters are tight. 


mining-in liner plates below spring line 
in the heading-and-bench method 


As described previously, when mining-in 
liner plate arches, the end joints of the plates 
are staggered. If the roof load remains light, 
only alternate courses extend to the spring line 
where they are blocked. However, if loads are 
developing rapidly, the short course is posted 
(as shown in Figure 14-8), or half-plates are 
used to square the bottom of the arch lining. 
To obtain firm contact with the ground in the 
region of the spring line, mining should be 
about a half to one-inch tight, and the plates 
jacked out to bed them firmly against the 
ground. 


The bench is excavated a course at a time, 
or 16 inches, although in some cases the ad- 
vance can be two courses, or 32 inches. When 
the bench is removed there is no support under 
those courses of liner plates that have not 
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been completed. The arch bridges the gap be- 
tween the completed lining and the remaining 
bench. It transfers the load forward to the 
bench and backward to the adjacent courses of 
completed lining. To minimize time the liner 
plate arch must act as a bridge, the bench is ex- 
cavated from the center outward. The sides 
under the liner plates are cleaned away last. If 
ground conditions are such that the bench 
must be kept breasted, these breasting boards 
probably will be vertical to facilitate the entire 
operation. Space for all liner plates below the 
arch can be opened simultaneously, except in 
running ground. Below the spring line, running 
ground generally can be handled by the spiling 
technique. Where possible, it is preferable to 
mine a little tight to the design line rather than 
overmine because overmining at and below 
the spring line produces a settlement at the 
crown. If necessary, space behind the plates 
should be backfilled and rammed; the lining 
should have no place to bulge. Proceeding 
downward from the arch plates, the remaining 
plates are erected and the lining finally closed 
at the bottom. 


\ 


Figure 14-9 Jack Used to Expand Liner Plate Ring 


When the closing plate C at the bottom will not enter 
the space left for it, the bolts attaching the other plates 
in the ring to-the adjacent ring are loosened. A single 
jack across the bottom between the far end flanges of the 
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adjacent plates will permit installation of the closing 
plate. The bolts are then tightened. 
Note: Bolts in ring flanges are never to be more than 
finger tight until ring is completed. 


installation of closing plate at bottom 
of a full-circle lining 


It so happens in constructing full-circle 
linings that the opening at the bottom may be 
too small to insert the closing plate. Ifthe plate 
cannot be pried or driven in with hard tools, 
trench or roof jacks placed against the quarter- 
points of the roof lining and anchored on the 
next course to the rear (sometimes aided by 
another jack set horizontally at or below the 
spring line), will most likely gain enough space 
to admit the bottom plate (see Figures 14-9). A 
very simple yet effective method is to place a 
block of wood against the far end flange inside 
each ofthe adjacent plates and jack them apart 
for the space needed. Incidentally, jacking in- 
creases the diameter of the lining which, in 
turn, presses the plates tighter to the ground. 
Before any jack pressure is applied, all nuts 
connecting the new course with the preceding 
one are loosened. They are made wrench-tight 
after the closure plate has been installed, and 
any overmined spaces are backfilled with 
gravel or grout. 


allowance for deviation and for 
settlement with full-circle lining 


Mining in a cramped heading is a trouble- 
some task at best. Projecting a curved surface 
forward with no straight lines on which to sight, 
leads to deviation in both line and grade. The 
clearance in bolt holes, so critical to quick in- 
stallation of liner plates, nevertheless allows 
creep — up, down, or sideways. Jacking may 
also distort the plates to some extent, leading 
the next course off its prescribed path. Settle- 
ment of the crown may occur, too, if there has 
been overmining at the spring line or bottom 
quarters without adequate backfilling. The 
effect is the same as a loss of grade. All these 
possibilities, when combined, are almost bound 
to force the lining off course, both in line and 
grade. The engineer in charge checks line and 
grade each day and, more generally, during 
every mining shift so that whatever deviations 
occur can be corrected before they exceed two 
or three inches. The finished bore must be true 
to line and grade within reasonable tolerances. 
Furthermore, the concrete lining can not be 
less than the specified thickness at any and all 
points. To satisfy these conditions in tunnels 
supported by full-circle linings, it is customary 
to allow several inches in the diameter of the 
liner plates to compensate for inevitable devi- 
ations. So, in a tunnel with an outside diameter 
to be 5 feet 8 inches, the liner plate ring should 
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have a diameter of 6 feet 0 inches, using 6 liner 
plates per course. 


backfilling to minimize settlement 
effect of settlement 


Most small-bore tunnels serve as sewage 
ducts. Therefore they are commonly located 
beneath city streets and near buildings. Even a 
moderate settlement from tunneling may dam- 
age pavements, water mains, gas lines, cable 
conduits, and other sub-surface structures 
located above the tunnel. If wide, overmined 
spaces behind the permanent lining of tunnels 
are poorly backpacked, especially when driven 
through slow-raveling ground or stiff clay, set- 
tlement may not even start until several years 
after the tunnel is built. It should be mentioned, 
too, that should a large sewer or water main be 
severed, the tunnel could be flooded, with di- 
sastrous consequences. 


Causes of settlement and various means to 
neutralize or minimize them were discussed in 
Chapter 6. Taking these measures during con- 
struction, however precautionary, is always 
more economical than repairing any damage 
caused by surface settlement. 


Previous chapters have also emphasized 
the point that it is virtually impossible to trim 
the ground so true to contour that when 
erected, all liner plates will be in continuous 
contact with the earth over the entire area. 
Usually, the tunnel is overmined, especially in 
the crown, the haunches, and the lower quar- 
ters. Any space between the lining and the 
earth is a major cause of settlement. 


As raveling or squeeze intensifies the load 
on the arch, the lining bulges at the sides until 
it meets and is stopped by the earth. At that 
point, the passive resistance of the earth comes 
into play to support the lining. Nevertheless, 
bulging at the sides triggers a subsidence of the 
arch plates, especially at the crown. If the side 
plates have been tightly mined, and they have 
been jacked against the ground, settlement will 
be limited to only that space overmined above, 
or possibly below, the arch. But if the sides of 
the tunnel have been overmined, there will be 
serious settlement, which can be avoided by 
backfilling this space before the earth starts to 
move. 


There are several methods of filling this 
space. Each is applicable to a particular type 











of ground, and will be discussed in the next 
paragraphs. 


grouting in running and 
cohesive-running ground 


Running ground usually consists of sand 
or sand-and-gravel with little or no cohesion. 
As a consequence, there is a very short stand- 
up time or no stand-up time at all. Initial move- 
ment of this ground can be prevented by hay 
liberally applied as the liner plates are mined. 
Hay is not effective for very long, and has no 
compression strength. It simply prevents run- 
ning. It does not offer any resistance to defor- 
mation of the support. Therefore, space outside 
the liner plates should be filled at the end of 
each eight-hour mining shift, at least. 


A simple, cheap, and effective way to es- 
tablish contact between the earth and liner 
plates is to force the ground against the plates. 
To do this, grout pipes with fitted ends are 
driven about a foot into the sand through grout 
holes in the liner plates (see Figure 14-10). A 





Figure 14-10 Grouting in Sand 


In sand tunnels, the overmined space can be filled most 
easily by grouting. The grout pipe is driven about a foot 
into the sand and a thick, lean grout is forced into the 
ground. The expanding ball of grout forces the sand back 
against the liner plates. 


lean but thick grout is pumped through the 
pipe into the sand, forming a grout pocket which 
displaces the sand. Sequentially, the sand yields 
toward the liner plates and effectively fills all 
the overmined spaces. This type of grouting is 
relatively clean and is quickly done. Generally, 
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there is no leakage around the forward ends of 
the liner plates, even when grouting the last 
course. 


grouting in raveling ground 


In fast-raveling ground, incipient raveling 
is prevented also by buttering the liner plates 
with hay. The actual method of grouting must 
be adapted to the character of the ground. That 
which is intermediate between cohesive-run- 
ning and fast-raveling ground, may employ the 
method used in running ground (Figure 14-10). 
If not, it will be necessary to introduce the 
grout directly into the overmined spaces. 


First, the space between the ground and 
the forward edge of the liner plates is dammed. 
Using a hose attached to each grout hole in 
the erected plates, just enough pressure is ap- 
plied to move the grout through and around 
the back of the plates. The grout is a lean mix- 
ture of sand and cement, with no more cement 
than necessary to make the grout flow. (Ure- 
thanes as well as other additives that would 
cause swelling have been added to the mix to 
reduce the leakage back into the tunnel 
through the joints in the liner plates.) Adding 
lime to the mix increases its fluidity; therefore 
the quantity of cement can be decreased. 
Strength lost by the reduction of cement is ‘ir- 
relevant since the grout merely serves as a 
filler. Grouting should start with bottom holes 
and progress up. 


A slow-raveling ground of the consistency 
to require a pneumatic spade for excavation 
does not need a lacing of hay. As the liner 
plates are mined-in, backfilling is apt to be 
quite spotty — blocks of wood haphazardly 
placed, a smattering of tunnel muck in close 
spots, or perhaps no filler at all over the area of 
several liner plates. 


Such sketchy backpacking is satisfactory, 
provided the empty spaces are filled twice a 
shift; once if the ground is unusually hard. 
Grout could be used, but it is far cleaner, 
quicker, and cheaper to blow pea gravel into 
the spaces behind the liner plates through the 
grout holes. 


gravel packing in squeezing ground 


Tunnels in clay are deliberately overmined 
over the entire arch to speed excavation and 
the erection of liner plates. Any blocking mere- 
ly serves to hold the support structure in place 


until the voids can be filled with gravel. Knife 
clay should be graveled every two hours, or the 
time required to install two or three courses of 
plates. Medium clay calls for graveling every 


four hours, and stiff clay once each eight-hour 
shift. 


grouting the completed structures 


No matter how carefully and conscien- 
tiously concrete is mixed and poured, it inevit- 
ably slumps away from the crown plates, leav- 
ing a void. A few days after pouring, this void 
is filled with grout inserted through holes 
drilled into the crown about every 10 feet, or 
through pipes installed in the forms before con- 


creting. These grout pipes extend to within an 
inch or so of the inner face of the liner plates. 


Grout is forced into the voids under high 
pressure until the area refuses it. It is normal 
practice to install plates with grout holes in the 
crown, also; this permits grout under pressure 
to flow back through the liner plates into any 
voids outside these plates which might not 
have been filled previously. This so-called pres- 
sure grout also fills at least some of the voids in 
the gravel packing, although tests have shown 
that it does not penetrate the gravel more than 
a few feet at pressures normally used. 
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Chapter 15 
Rib Linings and their Footings 


Liner plate linings without ribs cease to be 
economical in tunnels with a width or diameter 
of more than 12 or 13 feet because of the in- 
creased loads to be carried and distributed. 
Thicker, therefore heavier, plates are a possi- 
bility. However, at some point, they become 
too heavy for quick and easy manipulation de- 
manded by unitary excavation. A standard 3 
gage liner plate weighs about 55 pounds, which 
approaches the limit for one man to handle. 


Expense is another factor. Liner plates 
heavier than 3 gage probably cost more per foot 
of supported area than using steel ribs with 7 
gage liner plates, which may serve equally well. 
Even a 3 gage liner plate lining may, under 
certain conditions, be less economical than ribs 
with 7 gage liner plates. 


Therefore, practically all large-bore tun- 
nels also use rib supports. Each rib carries the 
load acting on the tunnel at the midpoint be- 
tween adjacent courses, and transmitsthisload 
to the ground below. This means the bearing 
value of the ground has an important influence 
on the spacing of ribs. 


This chapter deals with steel support struc- 
tures wherein ribs are the main members sup- 
porting the lagging components which, in turn, 
support the ground. It also reviews footing 
problems and their effect on ribs. 


components of rib-support structures 


In rib linings, ribs are the principal part of 
the load-supporting structure. Consisting of 
several segments, they are called rib sets. These 
ribs or rib sets are placed transversely across 
the tunnel at right angles to the bore. 


Ribs are fabricated from rolled structural 
steel shapes bent to conform to the contour of 
the extrados of the tunnel cross-section. The 
profiles mostly used are wide-flange beams, H- 
beams, I-beams, and channels. The channels 
are bent about their minor axis with the flanges 
inward. Conversely, beams are bent about their 
major axis. The bending is done cold, that is, 
without heating the sections before forming. 
Not only is this process more economical, but 
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cold-forming also raises the allowable working 
stress of the steel, which is discussed in the 
book Rock Tunneling with Steel Supports. 


A tunnel rib set is always divided into two 
or more segments. The minimum number of 
segments in a set is determined by the method 
of excavation. In tunnels mined full-face and 
supported by an open-bottom lining, a two- 
piece rib is generally used. Full-face mining, 
combined with full-circle lining, needs at least 
three rib segments. Tunnels of a height that are 
mined by the heading-and-bench method, using 
only one bench, require rib sets of at least four 
segments when the ribs are footed at subgrade. 
Additional benches may or may not require 
further division of the rib. Larger circular lin- 
ings have from four to eight segments. 


The weight and length of each rib segment 
must be considered when determining how 
many are needed in a set. Economy of manu- 
facture and erection, of course, argues that the 
rib be divided into as few segments as possible. 
Handling problems in the tunnel heading, how- 
ever, may necessitate further subdivisions. 
The arch portion of a rib set often must be han- 
dled by manpower, which again imposes a lim- 
it on the weight of segments. Another limiting 
factor is space at the heading. Segments can 
not be too long to maneuver properly. Not in- 
frequently, many more segments are used to 
overcome handling problems than the method 
of excavation requires. Typical rib sets are 
shown in Figure 15-1. 


Rib segments are attached to each other 
by bolted butt-joints except when liner plates 
are placed between the webs. In this case, they 
are connected by an inner-flange splice-joint 
or a butt connection welded to the lower flange. 
The lower ends of the rib set terminate in foot- 
plates, distributing the load over wooden or 
concrete footblocks; or sills which may be of 
steel or wood. 


The other major component of a rib lining 
is the lagging, which transmits ground load to 
the ribs. Main types of lagging are liner plates, 
steel lagging plates, and wood lagging. Con- 
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Figure 15-1 Typical Tunnel Ribs 
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crete lagging also has been used to a small ex- 
tent. 


Spacers and tie rods are minor compo- 
nents of the support system. They are placed 
horizontally between the webs of the ribs and 
parallel to the axis of the tunnel. They have 
two functions: (a) to prevent lateral bending of 
the ribs about their minor axis thereby improv- 
ing their capacity to carry loads by column ac- 
tion; and (b) to assist miners to properly space 
the ribs and to install them at right angles to 
the center line of the tunnel, both vertically 
and horizontally. Spacers are better than tie 
rods for this purpose. 





Figure 15-2 Spacers 


Typical angle spacers are shown. Spacers are also made 
out of angles, small channels, or small I-beams. When 
either of the latter are used, plates are welded to the ends 
for attachment to the ribs. 


A slight error in positioning the crown seg- 
ment disrupts the whole set. It may lean for- 
ward or backward, or it may be askew to the 
tunnel, or both. Spacers, which automatically 
line the newly erected set parallel to the one 
behind it, insure proper erection of the ribs 
without wasting time checking the orientation 
of the new segment. When the center line of the 
tunnel is curved, the lengths of the spacers are 
graduated to maintain the correct taper per 
course of ribs. 


If tie rods are used for lateral bracing, 
wooden collar braces cut to the right length are 
inserted between the webs of the rib segments 
to effect spacing. Tie rods pull the ribs to bear 
against the ends of the collar braces, which are 
removed prior to concreting. 


Spacers are made of pressed or rolled steel 
angles, channels, small I-beams, and pipe. 
A plate through which a bolt hole has been 
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Figure 15-3 Wall Plate 


One form of wall plate is a WF-beam laid flatwise. It is 
installed in a wall-plate drift mined ahead of the face, 
forming a slotted sill to receive the arch ribs. Later, when 
the bench excavation is advanced, it bridges the gap 
between the bench and the last post. The flanges project- 
ing downward form a slotted cap for the posts. 


Holes are punched in the web to vent the air when pour- 
ing concrete to avoid formation of air pockets. Also, these 
holes allow the outer layer of circumferential reinforcing 
rods to pass through the wall plate. 











punched is attached to each end. It is this end 
plate which is bolted to the web of the rib mem- 
ber, except in the case of pipe spacers which 
are installed with tie rods inside them. 


Tie rods are 5/8-inch or 3/4-inch rods 
threaded on both ends. They are inserted 
through holes in the webs of two adjacent ribs 
and held by nuts. 


Wall plates are longitudinal members of the 
steel support system placed flat on the bench 
at or near the spring line. They can be single 
wide-flange beams laid flat with the flanges 
vertical; or double wide-flange beams, or I- 
beams with the webs vertical and the flanges 
horizontal. They are mined-in ahead of the 
face, so they form sills to receive the rib seg- 
ments of the arch and caps for the posts or 
lower rib segments later erected. Wall plates 
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Ribs under Liner Plates 


are made to various lengths that are multiples 
of the rib spacing. 


rib and liner plate combinations 


Ribs can be placed either under the liner 
plates (Figure 15-4 and 15-5), or between them 
(Figure 15-4 and 15-6). Each position has cer- 
tain advantages as well as disadvantages. How 
the tunnel is to be mined bears on which posi- 
tion the builder will choose. 


When ribs are to be positioned under the 
liner plates, or when steel lagging plates or 
wood lagging are used, these ribs in most in- 
stances are fabricated from H-beams or WF- 
beams. These particular sections have wider 
flanges than I-beams, which gives them more 
bearing for the lagging and, because blocking 
is necessary between the outer flanges and the 
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Ribs between Liner Plates 
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Figure 15-4 





Figure 15-5 Ribs under Liner Plates 
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Figure 15-6 Ribs between Liner Plates 


liner plates, earns them preference. Because 
these ribs are not supported laterally by the 
liner plates, H-beams and WF-beams also offer 
more lateral stability and resistance to twist 
under heavy loads. 


If ribs are to be placed between liner plates, 
I-beams are preferred. Their flanges are more 
narrow, consequently there is less interference 
with wrenches when tightening liner plate 
bolts. Spacers are not required in the plated 
area. Below this area, they are required, and 
they must be located at closer intervals than 
with H-beams or WF-beams. 


Ribs are stationed under plates whenever 
it is necessary to mine-in these liner plates, as 
in unitary excavation. It will be recalled that 
this method finds application in all running 
ground and in raveling ground with a short 
stand-up time. Ribs may be positioned under 
liner plates in all other cases where they are 
used. 


As a general practice, the backs of liner 
plates lie on the outer line of the concrete struc- 
ture. Since the flanges of these plates average 
some two inches, the outer flange of the rib is 
therefore inside the concrete line at least two 
inches. Thus the ribs are completely encased in 
concrete. 


One of the advantages of having ribs under 
plates is that the mining operation itself is not 
obstructed. There are times when seconds 
count in providing support before the ground 
starts to move. It is not unusual for the mining- 
in of plates to proceed continuously without in- 


terruption to erect ribs. Another advantage is 
that the spacing of ribs can be varied to suit 
changing ground conditions (this spacing need 
not be the width of a plate or a multiple there- 
of). Still another advantage is the ability of 
liner plates to be pushed out against the ground. 
Blocking between the ribs and the liner plates 
will compensate for this so-called extra growth. 


The arrangement of ribs and liner plates as 
discussed here may require a larger bore, which 
would increase the amount of muck to be re- 
moved and concrete to be poured in order to 
adjust for the reduction in interior clearances. 


Ribs located under liner plates receive their 
load from these plates at intervals only. Theo- 
retically, the flanges of these plates could bear 
directly on the ribs. In practice, however, this 
seldom happens because mining is never ex- 
actly true to line and grade. To transfer load 
from liner plates to ribs, blocks of wood or pre- 
cast concrete (or both) are tightly wedged be- 
tween them. Even though some plates are some- 
times skipped, they are usually blocked at 
every plate. Since this blocking is not continu- 
ous, some bending moment is introduced in the 
rib, which has the effect of slightly reducing 
the rib’s load-carrying capacity. 


Tie rods or spacers prevent buckling about 
the minor axis of the rib. 


Ribs can be placed between the liner plates 
only if ground conditions permit full-arch exca- 
vation for one or more courses down to the 
spring line before the ground starts to move. 











These are the prevailing conditions in raveling 
ground with stand-up timethat permits excava- 
tion, plus another 30 minutes, perhaps, toinstall 
supports. The same applies to squeezing ground, 
provided the tunnel can be mined open-face. 
This means the ground must be moving slowly. 


The backs of liner plates coincide with the 
outer design line of the concrete. The outer 
flange oftherib is located at least one-halfinch 
beyond the liner plate, making the outer flange 
at least one-half inch beyond the design con- 
crete line. 


Excavation proceeds ahead for a distance 


2” Liner Plate Flange 
1” Clearance 









12” Concrete 


If ribs are placed Under the liner plates, there may not 
be room enough between the form and the bottom of the 
rib for the concrete delivery pipe, which requires at least 
7 inches. Such conditions frequently exist in small tun- 


Only 5” Space under Rib 


Figure 15-7 


7" Space under Rib for Blower Pipe A A a 


equal to the width of one course of support 
after which the course of lining is erected. 
First, the nuts from the liner plate bolts pro- 
jecting through the last rib are removed (they 
were left finger-tight when the last course was 
installed). The new course of plates is then 
erected on the face of the rib, and the nuts re- 
placed, finger-tight. Next, a rib is erected on 
the leading edge of this new course. Bolts are 
entered through the flanges of the liner plates 
and the web of the new rib, and the nuts are 
finger tightened. The rib is then wedged to line 
and grade, and the rib-joint bolts of the previ- 
ous course tightened. Bolts both sides of the 
last course are finger tight. Then the rib is 


4” Rib 
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nels where the concrete lining is relatively thin. Thus, in 
a 10-foot tunnel with a 12-inch lining, 4-inch ribs under 
plates do not allow the necessary 7 inches of space for 
the concrete delivery pipe. 


12” Concrete 


Figure 15-8 Ribs Kicked Up for Concrete Delivery Pipe 


About 2 or 3 inches of room for the pipe can be gained by 
a kick up in the rib. The rib terminates in a short tangent 
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at the crown. The crown joint is thus raised to meet the 
back of the liner plates. 


blocked against the ground at predetermined 
intervals. Ribs are erected before placing the 
lagging. Rib blocking or backpacking is done 
simultaneously with the placing of lagging. 


Ribs located between the liner plates, cir- 
cumvent the major disadvantages of having 
them under the liner plates (also see Figure 15- 
7). The rib is set about three inches further out, 
which allows additional room at the crown for 
the pipe delivering the concrete. Neither tie 
rods nor spacers are needed in the plated area. 
Liner plates transfer load onto the ribs uni- 
formly instead of at scattered points. 


That the rib spacing is fixed by the width 
of the course of liner plates, and can be varied 
only in multiples of the course’s width, is a dis- 
advantage. Used in this manner, ribs are more 
expensive because they require a great number 
of bolt holes. Moreover, mining must be discon- 
tinued while erecting each course. Progress, 
therefore, is impeded. 


When the relative merits of these two sys- 
tems are compared (for tunnels of the same 
size in the same ground), there is little differ- 
ence in the cost per foot. Ribs can be installed 
under liner plates in any kind of ground. They 
can be positioned between liner plates only if 
conditions permit full-arch excavation for at 
least one course down to the spring line. When- 
ever mining is by unitary excavation, ribs must 
go under the plates. 


If ground conditions permit steel or wood 
lagging (spaced or tight), the details of the rib 
structure are the same as that for ribs used 
under liner plates. Spacers or tie rods act as 
lateral bracing. In order to install the ribs, space 
is excavated for one or sometimes two courses. 


rib roof linings 


When conditions favor roof linings, a rib 
roof lining is possibly more economical than 
one of liner plates in tunnels between 10 and 
13 feet wide. Beyond that, rib roof linings are 
more economical. The span for rib roof linings 
is limited only by the ability of the ground on 
which the arch ribs rest to sustain the load 
until concrete can be placed, at least up to the 
spring line. A continuous shelf is not needed to 
support these ribs. Instead, individual hitches 
are cut at the spring line to receive the splayed- 
out ribs. Between the ribs, excavation is car- 
ried to the design line. 


The bearing capacity of shelves supporting 
liner plate arches depends on both the shearing 
strength of the ground and the area of the sur- 
face of potential sliding. 


In rib roof linings, loads are concentrated 
in hitches and not on shelves. The bearing ca- 
pacity of a hitch with a width B and a length L 











Figure 15-9 Bearing for Ribs in Hitches 


The capacity of a hitch to sustain the concentrated rib 
load depends on the width B of the hitch and the shear- 
ing strength of the soil. If the hitch fails, a block of earth 
breaks out of the ground, with the shape of half an in- 
verted beehive. The area of the surface of fracture in- 
creases roughly in proportion to the square of B, provided 
the spacing between hitches is not less than about 2 B. 
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is much greater than a shelf section with a 
width B and a length L, because the width of 
the surface of sliding of the hitch is much 
greater than L. Excavation of a series of 
hitches is considerably less than for a shelf 
with equal bearing capacity. 


If the ground can sustain a roof lining 
footed at spring line, it hardly requires a tight 
lagging over the entire area of the arch. In fact, 
lagging may not be at all necessary. In this 
case, and if the rib set is not carrying any load- 
ing when the concrete form is advanced, the rib 
can be removed and used again. These are 
some reasons why rib roof linings are often 
more economical than liner plate roof lining, 
even in tunnels with widths within the ideal 
range for liner plate linings. 


In less favorable ground, ribs may be 
spaced four or five feet apart, with a few lines 
of spaced lagging in the crown. In ground that 
ravels a little faster, a band of lagging at the 
crown may be spaced only two or three inches 
apart. This spacing would increase at greater 
distances each side of the crown to about the 
quarter-point where the lagging would stop. 
Only with the appearance of fast-raveling (or 
worse) ground or soft clay in the arch is it nec- 
essary to use liner plates. This happens fre- 
quently: sand pockets, for example, may be 
found in clay or in good raveling ground. Even 
then, only that portion of the arch in which the 
bad ground occurs is lined with plates. Spaced 
lagging can be used beyond the plated area if 
needed at all. In ground conditions of this sort, 
ribs are spaced closer because of higher loads 
that may develop. 


The economic advantages basic to rib roof 
linings are nevertheless subject to risk. The 
stability of the roof support depends entirely 
on the bearing capacity of the bottom of the 
hitches. There have been several instances 
when headings were lost because the ground 
on which the ribs were footed failed. The cost 
of picking up a heading, repairing damage to 
surface and subsurface structures, and absorb- 
ing overhead when progress slows or stops can 
amount to important sums. On a tunnel of 
average size, a failure of this nature can quick- 
ly offset the savings in steel promised by opting 
against an open-bottom lining with ribs footed 
at subgrade. 


In some places the blanket of earth overly- 
ing rock is relatively thin. The rock surface on 
which the earth was deposited millions of 
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years ago may have been irregular and may 
have contained hills or ridges and valleys, now 
completely concealed by the superimposed 
blanket of sediments. Here, a tunnel which, for 
the most part, is located in earth, may be partly 
or wholly in rock in some stretches. When part 
of the tunnel face is in rock and part in earth, 
the tunnel is said to have a mixed face. 


The rock shows first at subgrade. As the 
construction progresses, the rock rises gradu- 
ally (or rapidly), then goes down again as the 
crest of the prehistoric ridge is passed. In some 
cases, of course, the crest is higher than the 
elevation of the tunnel, and for some distance 
the earth tunnel is transformed into a rock 
tunnel. 


Tunnels in a mixed face must be driven 
heading-and-bench, no matter how small the 
tunnel may be. Even if, by size, it would or- 
dinarily be driven full-face, a top heading is 
advanced over the rock; and the ground is sup- 
ported by a liner plate roof lining footed on the 
rock wall outside the design line (see Figure 
15-10). 


U 










Top Drift in Earth 


Bench in Rock 


Figure 15-10 Mixed-Face Small Tunnel 


Mixed-face tunnels are mined by the heading-and-bench 
method regardless of size. In small tunnels that normally 
would be mined full-face, a top drift is run out ahead over 
the rock. A liner plate roof lining carries the earth load 
while the rock is shot out beneath it. 


In larger tunnels mined heading-and- 
bench and supported by a rib roof lining, if 
there is rock below the spring line, the general 


mining procedure does not change; however, 
details of the roof support may have to be 
modified. Allowances must be made for the 
effects of blasting on the roof load and the bear- 
ing capacity of the rib footings. There is the 
additional necessity of increasing the distance 
between concrete and the working face, which 
prolongs the service periods for both the lining 
and the footings. 


Before the rock reaches spring line level, 
ribs still rest on the bottoms of hitches. As long 
as these footings carry only static loads, they 
may be perfectly adequate. However, the shock 
of successive blasts will undoubtedly increase 
the load on the roof, at the same time weaken- 
ing the earth on which the ribs rest. It is almost 
imperative to keep the concrete forms some 
distance from the face, not only to prevent 
damage to these forms from flying rock, but 
also to minimize the deleterious effect of blast- 
ing on green concrete. With this greater dis- 
tance, the service period of the roof lining is con- 
sequently increased. Heavier loads result. The 
problem then becomes one of guarding the roof 
lining against collapse should footing support 
fail. One or both of the following measures can 
be taken: 


(a) Replace lagging with liner plates bolted 
between the webs of the ribs and covering the 
arch almost down to the spring line. One effect 
of this procedure is to reduce the spacing of the 
ribs to 24 inches or 16 inches, which accommo- 
dates the longer service period and the possi- 
bility of heavier loads. The main advantage of 
liner plates, however, is that of continuity. The 
lining is tied together in all directions, forming 
a continuous metal skin. Thus, if the earth below 
a rib is weakened, the load is transmitted for- 
ward and backward to other ribs. This tempo- 
rary transference of load enables damaged 
footings to be repaired by digging below the 
rib to solid ground and inserting a short post, 
which, when wedged tight, restores support. 


(b) Attach brackets to the ribs (as shown in 
Figure 15-11) to receive posts that will trans- 
fer load onto the rock should there be signs that 
the earth under the rib feet may give way. 


When the rock is at spring-line level it is 
ideal footing for the ribs. Liner plates may not 
always be used. If lagging is used, lags should 
be firmly clamped to the ribs to prevent them 
from being knocked out of position. 


As the rock continues higher in the arch, it 
is corbeled inward to follow the design line. In 
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Figure 15-11 Mixed-Face Rib Brackets 


When a rib roof lining is footed at spring line, and rock 
is encountered below spring line, conditions change, i.e., 
the support and footing service periods are lengthened 
since it is necessary to keep the arch forms well back 
from the bench to avoid injury from flying rock; as a con- 
sequence, there is more time for loads to increase; the 
shock of successive blasts tends to increase the loading 
on the ribs and to weaken the ground under the rib feet. 


Bracket seats on the ribs are advisable so that posts footed 
at subgrade can be quickly inserted in case the ground 
under the rib feet begins to give way. Liner plates give 
continuity to roof support structures, which lags do not. 


the tunnel the ribs are burned off to whatever 
varying lengths fit the varying surface of the 
rock. Footplates are slipped on the ribs after 
their alteration. When the rock passes the 
quarter-point of the arch, the corbel may be- 
come unreliable as a support. A wall plate then 








can be installed as a sill for these ribs (Figure 
15-12). If any important overbreak occurs under 
the wall plate, the plate has enough strength to 
bridge the gap until the support has been re- 
stored. 


When the rock nears the crown so that it 
becomes difficult to install the roof lining with- 
in the design line, a crown drift should be ex- 
cavated (Figure 15-13). The roof of this drift is 
a liner plate arch with a rise of about 2-1/2 feet, 
probably the minimum clearance in which 
men can still work. The drift should be contin- 
ued over the rock until the rock has reached a 
foot or two above the crown. Normally, this is 
adequate cover to prevent the rock from drop- 


ping out when shot. From that point until the 
rock descends to crown elevation, the tunnel is 
considered and treated as a rock tunnel. 


ribs footed between 
spring line and subgrade 


Earth is apt to be stratified. Its behavior 
in various strata can differ widely. Since strata 
also may dip or rise, the possibility of dealing 
with different properties increases with the 
height of the cross-section. Ground conditions 
below spring line may differ from those above 
spring line. An example would be ground at 
spring line that will not sustain a roof lining 





Figure 15-12 Mixed-Face Double-Beam Wall Plate 


As the rock rises into the arch it is blasted to follow the 
design line as closely as possible. However, as it rises 
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above the quarter-point of the arch, the corbel support 
becomes rather precarious. 








Figure 15-13 Mixed-Face Crown Drift 


When the rock rises to the crown so that it is no longer 
possible to install the roof lining within the design 
line, a short crown drift about 2-1 / 2 feet high can be 
pushed forward with the aid of liner plates. This may be 
necessary until the rock has risen to an elevation of a foot 
or two above the crown. At lesser elevations, it may drop 


(and load imposed by the rib), but will at some 
elevation between spring line and subgrade. 


Under these or similar conditions, cost 
generally determines whether ribs will be 
footed at subgrade or in hitches atop the layer 
of good ground. Setting the ribs in hitches 
shortens the length oftherib. Besides lowering 
the cost of ribs, hitches also eliminate the 
need to transfer the arch load to bottom steel or 
posts when the bench is removed. These sav- 
ings are adulterated by extra mining to trim out 
the hitch and a reduction in the rate ofconstruc- 
tion progress. Since the hitch is backfilled with 
concrete when the lining is poured, costs at- 
tributed to concreting are comensurately high- 
er. These factors must be balanced to arrive at 
a final, economical design. 


The critical element in comparing esti- 
mates is the shape of the tunnel and its di- 
mensions. In a high tunnel with vertical sides 
where good ground prevails up to or near the 
spring line, savings in steel and avoidance of 
the extra work to transfer arch loads should 
justify hitches. In a circular tunnel through 
ground not requiring full-circle lining, hitches 
would be used at about invert level. In such a 
tunnel, ribs should be footed on good ground if 
it reaches any elevation above invert, as mining 
conditions permit. Usually, an earth tunnel of 
horseshoe, beehive, or hairpin shape is approx- 
imately as wide as it is high, and spring line is 
at or below the middle of the tunnel. In these 


out of the roof when shot. In tunnels through stiff clay or 
slow-raveling ground, this precaution may be unneces- 
sary. However, if the roof is located below medium to 
fast-raveling ground, the roof may drop after the shot 
unless the gap in the rock is bridged by a liner plate 
arch shown here. 


cross-sections it is usually more economical to 
foot ribs at or near subgrade. 


Usually, large tunnels are excavated by the 
heading-and-bench method. The top of the 
bench is located at spring line. If footings must 
be installed close to subgrade, loads on the ribs 
are transferred onto posts located below bench 
level as the bench is being excavated. Crown 
bars in the arch may be needed. If ground con- 
ditions permit footings in hitches slightly be- 
low spring line, transference of these loads can 
be avoided. To do this, a slot is excavated on 
both sides of the bench down to the bottom of 
the hitches. The lining then becomes an ex- 
tended rib roof lining with the beneficial fea- 
tures of mining-in a true roof lining. 


Under these circumstances, construction is 
probably as simple as it can be in earth tunnel- 
ing. As the heading is advanced, the roof is 
caught up. The bench may then be removed 
without attention to support. Ground good 
enough to permit a roof lining is also likely to 
be dry enough for machine loading and, in 
larger tunnels, the bench can be removed with 
mechanical equipment. 


Most earth tunnels, however, are driven 
through ground that forbids the installation of 
roof linings. Ribs must be footed below spring 
line, usually at or very close to the elevation of 
subgrade. If the height of the tunnel calls for 
one or more benches, tunneling becomes more 
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complicated. The rib arch must be supported 
by some temporary means while mining-outthe 
bench from under the arch and installing the 
lower segments of the rib set. There are several 
methods of transferring load from the bench to 
the posts below bench level. Some of these 
have been described. 


open-bottom lining ribs 
footed at subgrade 


The great majority of earth tunnels are 
driven through ground more unfavorable than 
discussed so far. Even so, that ground may have 
considerable bearing capacity. Running (not 
flowing) ground, raveling ground, and medium 
and stiff (spade) clay are in this category. At 
subgrade — where footblocks rest on a hori- 
zontal surface rather than shelves — the bear- 
ing value of these types of ground is normally 
capable of supporting a rib structure. The al- 
lowable bearing value for footblocks or sills 
depends only on the properties of the soil lo- 
cated immediately beneath the loaded area as 
well as the width and length of this area. 


By contrast, the load transmitted by the 
ribs onto the footblocks or sills depends on a 
great number of factors such as (a) the kind of 
ground located between the roof and the 
ground surface, (b) the rate at which the over- 
burden develops weight, (c) the depth of the 
tunnel, (d) the air pressure, (e) the spacing of 
the ribs, (f) the care with which the support 
system is installed and backpacked, (g) the 
width of the tunnel, and (h) the service period 
of the footing, i.e., that time between installing 
the rib and concreting the invert. 


To estimate load on footings, all of these 
factors are considered. Even if conditions are 
unfavorable, loads generally can be carried 
safely by footblocks or sills, provided the 
ground on which they rest is running or ravel- 
ing, or spade clay. The roof and sides can be 
supported by an open-bottom lining. 


In a rib set footed at subgrade, the seg- 
ment below spring line is usually a straight 
member, called a post or leg. It may be vertical 
or battered inward, depending on the shape of 
the tunnel. The footplate must be of a size that 
can effectively transfer the load from the post 
onto footblocks or sills. 


The minimum size for the base of the foot- 
blocks is dictated by load and the bearing value 
of the ground. The smallest footblocks used are 
12 inches square. If the loads are light and the 
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Figure 15-14 Precast Concrete Footblo:ks 


If large footblocks are required, precast concrete blocks 
are more economical than wood blocking because: 


(a) The inner part of the concrete footblocks can be set 
within the design line, which reduces extra excavation, 
and that portion within the design line is part of the total 
concrete cost. 


(b) The rib steel is shortened, reducing the cost of 
support. 


bearing capacity of the subgrade is high, these 
footblocks usually serve their purpose. If more 
area is required, rectangular footblocks 12 
inches wide and any length within the rib spac- 
ing are used. When their length is equal to the 
rib spacing, the footblocks touch each other, 
constituting a sectional sill. These footblocks 
are then called sill blocks. If still more area is 
needed, sill blocks must be wider. Since it is 
essential to center the post on the block, the 
walls of the tunnel must be undercut to obtain 
space for wider sills. For this reason, sill widths 
are kept as narrow as possible. If the bottom 
conditions are such that a sill block wider than 





18 inches is necessary, invert struts are indi- 
cated. 


Footblocks are usually of wood. A 12-inch 
square footblock is cut from a 2 x 12 plank. 
When the length is about 18 inches the thick- 
ness is increased to 3 inches; if it approaches 
24 inches, the thickness is increased to 4 or 
even 6 inches. Should it be necessary to in- 
crease the width of the sill beyond 12 inches, 
short pieces of 2-inch or 3-inch plank, cut to 
length, are laid crosswise under the sill blocks. 
All footers must be kept outside the concrete 
design line. This involves extra excavation 
equal to the volume of the footers. 


If a large bearing area is needed, precast 
concrete footblocks can be advantageous (Fig- 
ure 15-14). As long as they do not interfere with 
reinforcing bars, they can be wholly or partial- 
ly located within the space reserved for the 
concrete structure. The bottom of precast foot- 
blocks can be established at subgrade, shorten- 
ing the steel rib by the thickness of the foot- 
block (and reducing rib costs). That portion 
which projects into the design structure dis- 
places an equivalent amount of concrete to be 
poured (and expensed). The main disadvan- 
tage of concrete footings is weight. While they 
are more difficult to handle than timber footers 
of equal bearing capacity, their confinement 
to the floor of the tunnel eases the job of manip- 
ulating them considerably. 


floored linings 


In clay, the bottom may be on spade clay, 
which is good footing material, while the walls 
may consist of soft, knife clay. Such conditions 
suggest an open-bottom lining. However, steps 
must be taken to prevent the lower parts of 
posts from kicking-in as a result of heavy side 
pressures exerted by the clay. 


One way is to place struts across the tun- 
nel. They should be above the invert allowing 
room for the invert concrete under them. Thus 
these struts may serve as an invert bridge to 
carry track for the muck cars. As soon as the 
invert is poured, these struts can be removed 
for use ahead. 


Another way is to erect steel invert struts 
across the tunnel at subgrade and to concrete 
them in. If side pressures are mild, these struts 
can be straight. If, however, severe side pres- 
sures are exerted and if the tunnel cannot be 
converted to a circular cross-section, it is ad- 
visable to bend the posts outward to form a 


vertical arch, and to curve the invert strut 
downward to form an inverted arch, as shown 
in Figure 15-15. When the invert strut is curved 
it can assist the footings in carrying some of 
the vertical load, in addition to taking side 
pressures. 
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Figure 15-15 Ribs and Invert Struts in Tunnels 

Subject to Heavy Side Pressures 
Where severe side pressures are encountered, heavier 
vertical loads are acting also, and the bottom is quite 
likely to be soft. In such ground, circular lining should be 
used, but if this is not feasible, curved invert struts 
should be installed on the bottom to take the horizontal 
pressure and spread the vertical load. The post segments 
of the rib set should be bowed outward to resist the side 
pressure. 








Bad bottom conditionsin combination with 
heavy, rapidly increasing loads are found in 
flowing ground and in soft clay. In flowing 
ground, water seeping upward into the tunnel 
around the footblocks renders this ground in- 
capable of sustaining any load without exces- 


sive settlement. Any lining supported by foot- 
blocks on flowing ground settles slowly; or 
even rapidly at times. The bearing value of soft 
clay is also low and the load builds rapidly. If 
the area of the footblock on soft clay is suffi- 


ciently large, footings may hold the load long 
enough to concrete the invert. 


The most economical lining for tunnels 
through such ground is the full-circle lining. 
Should a tunnel be located entirely in this 
kind of ground, a circular shape is frequently 
adopted before construction begins. But when 
a tunnel of some other shape is located for 
most of its length in better ground, and bad 
ground is only met in short sections, it may not 
be feasible to convert to the circular shape. 
Then it becomes necessary to floor the bottom 
and provide against the effects of heavy 
side pressures which always develop in such 
ground. 


The entire bottom of a tunnel in flowing 
ground must be floored tightly so that sand can- 
not be washed into the tunnel through the 
interstices in the floor. Water may and should 
come in; sand should not. Any sand that enters 
the tunnel through the bottom represents lost 
ground, which is immediately followed by a 
settlement of the support structure. To be able 
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to distribute the roof load over the whole 
area, ribs must be footed on the floor. And 
measures must be taken to prevent the inward 
kick of the lower end of the rib. 


Sometimes the floor is made of planks 
which are cut to fit the rib spacing. When the 
bench is mined-out a distance equal to one 
space, these planks are laid longitudinally on 
the bottom with the rearward ends driven 
under the previously installed strut. Next, a 
transverse timber or strut is placed on the for- 
ward end of the plank flooring so that it laps 
half of its width beyond the ends of the planks. 
Then there is space to insert the tail ends of 
the next course. The lower rib segment is 
erected on top of this timber and tightly 
wedged against the arch steel. Strut dimen- | 
sions are determined on the basis that a strut 
acts as a simple beam supported at two ends 
and is acted upon by a uniformly distributed 
load equal to the roof load. Loads act onto the 
strut in an upward direction, not downward. In 
medium-to-wide tunnels struts become un- 
wieldy and expensive. In these tunnels, curved 
steel invert struts earn preference for they are 
less costly and much easier to handle. Figure 
15-16 shows both timber and steel struts and a 
method of lagging. 


Curved steel invert struts are inverted 
arches. In an arch, the maximum stresses are 
much lower than in a beam with the same span 
and under the same load, unless the arch is very 
flat. The horizontal outward push of the invert 
arch is always greater than the side pressure 





Figure 15-16 Tunnel Floors for Bad Bottom 


Soft bottom is generally associated with side pressures. 
Straight timber struts with ribs bearing on them at the 
ends function as simple beams and must be of very 


generous dimensions. 
A curved steel invert strut functions as an inverted arch 
and is therefore far more economical. 
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because the vertical sides of the lining push- 
ing against the ground mobilize the passive re- 
sistance of the ground at the sides of the tun- 
nel. 


These struts are used in the same manner 
as timber struts. Wood planking is laid first, 
the invert strut set, and then the rib segment 
erected on top of it. As a substitute for wood 
planking, steel liner plates may be laid first, or 
steel lagging may be used, thereby reducing 
the fire hazard particularly if the tunnel is un- 
der compressed air. 


If the bottom of the tunnel is in soft clay, 
either type of flooring is acceptable, except 
that it may be unnecessary to plank the sub- 
grade completely across the tunnel. In very soft 
clay, the covering should be tight so that clay 
does not squeeze through the joints and up- 
ward into the tunnel. In soft or medium clays, 
3 or 4 feet of planking at each side may be all 
that’s necessary, leaving the middle open ex- 
cept for the blocks required to limit the 
blocking point spacing on curved invert struts 
to the distance desired. 


full-circle rib linings 


When bottom conditions are bad, full- 
circle linings are by far the most economical. 
If the diameter and loads are beyond the eco- 
nomical limits of a liner plate lining, the sup- 
porting structure consists of circular ribs, 
lagged with liner plates or steel or wood lag- 
ging. A properly backpacked, circular lining 
has definite advantages. The unit pressure ex- 
erted by the sides and bottom of the lining onto 
the surrounding ground may be almost equal to, 
but never more than, the unit pressure which 
acted on the surrounding ground before the 
tunnel was excavated. The bottom pressure 
will even be smaller, because part of the over- 
burden was removed in the excavation. The 
bearing capacity of the ground need not be con- 
sidered. In extremely soft ground, a shield 
driven tunnel tube might have a tendency to 
rise, but it will never have a tendency to sink. 
This applies to both a fully lagged circular 
steel support and to the permanent lining. 


Because the bending stresses in circular 
ribs are very small, every pound of steel con- 
tributes its full share in supporting the ground. 
In the permanent structure, too, stress condi- 
tions are favorable. The quantities of both ex- 
cavation and concrete per square foot of cross- 


sectional area assume the smallest value com- 
patible with ground conditions. 


Circular ribs for tunnels excavated full- 
face are usually made of three pieces. With the 
heading-and-bench method, more segments 
may be required. The number of segments 
above spring line is, for the most part, decided 
by how best to solve the lifting and handling 
problems. Segments are easier to handle below 
spring line. Consequently, it is possible but, in 
practice, not probable that ribs below spring 
line have fewer but longer sections. Since it is 
better to have a joint at spring line (unless 
false ribs are used in the arch), the minimum 
number of segments on a heading-and-bench 
job is four. In a large tunnel there may be three 
or four segments in the arch and only two be- 
low the spring line. In many cases the same 
number of segments are used above as below 
spring line if interchangeability is important. 
The fact remains that the fewer the rib seg- 
ments, the less expensive the rib set will be. 


In flowing ground, excavation below spring 
line (at least down to the quarter-points), em- 
ploys the same technique as arch excavation. 
If the lining is composed of liner plates that are 
installed with the aid of spiles or poling plates, 
plates are erected completely around. Even 
though forepoling may be necessary, it may 
not be necessary to forepole all around. Wood 
lagging then can be used in the bottom quarter 
or third. In running and cohesive-running 
ground, liner plates usually reach the quarter- 
point. In fast-raveling ground, lagging may be 
substituted for liner plates below spring line. If 
the ground is a very soft clay, liner plates or a 
tight lagging of steel or wood is definitely 
needed around the entire circumference. In soft 
or medium clay, lagging may be spaced from 
the spring line downward. 


extent of lagged area in 
tunnel supports with ribs 


Ground with a short stand-up time requires 
unitary excavation with liner plates. In ravel- 
ing ground that will permit full-arch excava- 
tion, the choice of lagging must consider stand- 
up time and possible consequences of surface 
settlement. If the stand-up time is short and 
minimal surface settlement is allowable, liner 
plates or tight lagging of steel or wood are com- 
pulsory. If no restrictions are imposed on settle- 
ment, or if there is reliance that the ground will 
not ravel within two or three weeks, spaced lag- 
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ging may be used. Knife clay calls for tight lag- 
ging. Spaced lagging is generally adequate for 
spade clay or the harder types of raveling 
ground. 


If loads on the support structure are car- 
ried by ribs, liner plates revert to their original 
function as lagging. Ribs transfer roof loads 
onto the ground at or below spring line; plates 
merely serve to collect the load and transmit it 
to the ribs. In a ribbed structure, liner plates 
are used only as far down from the crown as 
needed. The minimum extension of the plate 
area is determined by ground conditions and 
backpacking requisites. In running or cohesive- 
running ground, liner plates must be brought 
to subgrade in an open-bottom lining (but are 
often continued entirely around to form a circu- 
lar lining). In fast-raveling ground, these plates 
must be carried at least to the spring line. 
Otherwise, an intolerable loss of ground and 
unsymmetrical deformations of the lining may 
follow. In slow-raveling ground, where partial 
unitary excavation is possible, the plated area 
may end at about 20 degrees above the spring 
line. In ground sufficiently hard to sustain full- 
arch mining (except soft clay), the lagged area 
may range between 15 and 45 degrees from the 
crown line. Lags may be spaced, assuming 
moderate surface settlement is not objection- 
able. If it is, tight.lagging must be installed to 
the spring line (which is a prerequisite of soft 
clay under any circumstance). 


rib spacing 


Determiners of spacing between ribs are 
the mining conditions in the arch, the estimated 
load, and costs. Mining conditions in the arch 
determine both the method of excavation and 
the length of advance per cycle. 


If unitary excavation with liner plates is 
necessary, these plates are placed above the 
ribs, and spacing between ribs is a matter of 
load and costs. If ground conditions grant full- 
arch excavation, this spacing cannot be greater 
than the length of the advance which those 
conditions initially allow. Cost estimates may 
also suggest preference for shorter rib spacing. 


Spacing must be considered in keeping 
the total cost of material for the support struc- 
ture and its erection at a minimum. 


Cost of lagging is contingent upon the load 
per unit of lagged area, the type of lagging, and 
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the rib spacing. Lagging must be able to trans- 
mit the pressure exerted by the ground onto the 
ribs. 


Wood and steel lagging transmit these 
loads onto the ribs by beam action. Liner plates 
transmit them by diagonal arch action. The ef- 
fect of rib spacing on the cost per square foot of 
these two types of lagging is consequently dif- 
ferent. If the rib spacing is doubled, the cost 
per square foot of wood or steel lagging in- 
creases between 50 and 70 percent. The cost for 
plates increases by some 20 to 40 percent. 


If the spacing is lengthened, the number of 
ribs is reduced but the weight of each is in- 
creased. Still, the total weight of rib steel per 
100 feet of tunnel is almost independent of rib 
spacing. The cost per pound of heavy ribs is 
generally lower than charged for light ribs. 
Thus the cost of ribs per foot of tunnel normal- 
ly decreases with wider spacing. If, by increas- 
ing this spacing, ribs become so heavy that 
more segments are used in a set, the cost per 
pound may be higher than for lighter ribs. 


The cost of erecting ribs bears little rela- 
tionship to the weight of the ribs, unless the 
added weight means added segments. Assum- 
ing no change in the number of segments, the 
cost of erection per pound of rib decreases as 
rib spacing increases. If wood or steel lagging 
plates are used, the erection cost per square 
foot of lagging also decreases with wider rib 
spacing. Spacing does not influence the cost of 
erecting liner plates unless the gage of these 
plates is increased. Should it be possible to im- 
prove the advance per mining cycle, the result- 
ant increase in rib spacing probably will reduce 
the cost of mining. 


With some exceptions, widened spacing 
decreases both the cost of ribs and the cost of 
erecting the supports. At the same time, the 
cost of material for lagging rises. The success- 
ful tunnel contractor will keep the sum of these 
items under control. 


Having discussed considerations to be 
given in spacing ribs, it nevertheless has 
become customary to choose among a few stan- 
dards. If full-arch excavation is permissible, 
liner plates can be placed between the ribs. 
In this case, dimension of the plates establish 
the rib spacing. 


rib under liner plates 


16 inches — a rib under each course of 16- 
inch liner plates. 

24 inches — 2 ribs under 3 courses of 16- 
inch liner plates. 

32 inches — a rib under every second 
course of 16-inch liner plates. 

37-11/16 inches — a rib under each course 
of standard liner plates used lengthwise. 


ribs under wood lags or 
steel lagging plates 


Customary spacings are 24, 30, 36, 48, and 
60 inches. 


ribs between liner plates 


Allowing 1/4 inch for web thickness, the 
spacings set by standard liner plates (16 inches 
x 37-11/16 inches) are: 


16-1/4 inch — a rib every course. 

32-1/4 inch — a rib every second course. 

38 inch — a rib every course, using the 
plates lengthwise. 


If liner plates are used lengthwise of the 
tunnel, they are straight from end to end; and 
they are curved from side to side to the contour 
of the tunnel. 


blocking and bracing 


If ribs support lagging, or are placed under 
liner plates, the butt joint is used as shown in 
Figure 15-18. When ribs are between plates, a 
strap-splice plate or a semi-butt joint is used 


12” Steel Lagging 
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The load collected by lags is transferred onto the ribs at 
12-inch intervals. The distance between the points of 
application is called blocking point spacing. When steel 
lags form a tight lagging, as shown in the figure, the 
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12” Blocking 
Point Spacing 


Spacer Tie Rod Spacing 


Figure 15-17 Blocking Point Spacing with Steel Lags 
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on the inner flange of the rib (Figure 15-18). In 
any case, it is necessary to block the joint from 
kicking outward. It is blocked either against 
the liner plate or against the earth. 


eJ E 


Typical Butt Joint 





Semi-Butt Joint 





Inner Flange Splice Plate 


Figure 15-18 


blocking point spacing is everywhere equal to 12 inches. 
For 12-inch spacing, the reduction in the capacity of the 
rib due to bending stresses is so slight that it can be 
disregarded. 








In order to utilize the full strength of a rib, 
it should be in firm contact with the ground 
over its entire curved length. This practically 
eliminates the bending moments in the rib. The 
load-carrying capacity of the rib becomes equal 
to the net cross-sectional area, times the allow- 
able fiber stress. Contact exists if the ribs are 
located between liner plates which, them- 
selves, are backfilled with gravel or grout. It 
also exists if they support backpacked, tight 
wood lagging. In all these instances, contact 
happens to be a by-product of a tunneling oper- 
ation undertaken for another purpose. If the 
job does not call for grouting or backpacking, 
it is more economical to block the ribs at points 
only, although the result is a slight reduction in 
the rib’s load-carrying capacity. 


Each point of contact is called a blocking 
point. The distance between them is called the 
blocking point spacing. In a tunnel lined with 
steel lagging 12 inches wide, and backpacked, 
the blocking point spacing is 12 inches and is 
uniform (Figure 15-17). If lagging is not back- 
packed, the spacing between blocking points 
is irregular, and could turn out to be many feet. 


When ribs are used under liner plates, the 
ribs are ordinarily blocked at each plate. If 
these are standard size, the blocking point 
spacing is about 37 inches and fairly uniform. 
When lagging is spaced or there are areas of no 
lagging, the blocking point spacing can vary 
widely unless careful attention is given to the 
blocks. 
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When loads are applied to a curved rib at 
separate points, a moment couple is set up by 
the thrust. The stresses in the rib are equal to 
the sum of the compressive stress because of 
thrust and bending stresses due to the bending 
moment. As a result, the load-carrying capacity 
of the rib is reduced. The amount depends on 
the maximum space between any two blocking 
points and the curvature of the rib. When the 
load is applied continuously (blocking point 
spacing equal to zero), there is no flexure stress. 
When the blocking point spacing is 12 inches, 
the reduction is very small. At a 38-inch spacing 
it may still be moderate; but at 60-inch spacing 
it can be very important, especially in smaller 
ribs. 


In cases where blocks are installed at vari- 
able intervals, the maximum spacing should be 
specified to make sure that the real load-carry- 
ing capacity of the rib will not be smaller than 
the design capacity. 


Spacers perform two functions: to facili- 
tate erection of the ribs and to brace the ribs 
against lateral bending about their minor axis. 
Tie rods serve the latter purpose only. 


The maximum allowable distance between 
spacers or tie rods is a function of the slender- 
ness ratio —_ of the rib sections located be- 
tween any two lateral braces (spacers or tie 
rods) and should not exceed 60 to 70. In the 
ratio —, l represents the spacing between lat- 

r 
eral braces and ris the radius of gyration about 
the minor axis of the beam profile. 


Chapter 16 
Rib Support with Heading-and-Bench Method 


This chapter deals with various methods of 
underpinning the arch until the bottom steel is 
installed in large tunnels through cohesive 
ground. The discussion assumes that the 
ground does not require breasting. 


excavation and support of the arch 
methods of arch excavation 


In earth tunneling, mining the periphery of 
the arch is almost always a hand operation. 
Exceptions are circular tunnels that can be 
driven with mechanical means. Excavation of 
the core of the arch and the earth below spring 
line may be done by hand, power shovel, or 
blasting. Loading may be by hand, power 
shovel, or mucking machine, depending on the 
kind of ground and the size of the tunnel. 


It is essential to mine and install supports 
to the spring line of the ribs with as little delay 
as possible. Consequently, hand-mining should 
be minimized, leaving the bulk to be dug and 
loaded by machine. 


height and number of benches in the arch 


Because the arch is advanced by hand, 
miners must have a surface on which they can 
stand to work. It must be high enough for them 
to reach the highest point of the crown, yet low 
enough to assure head room under the steel 
ribs. To gain this platform, they must remove 
the face to a level of 6 feet to 7 feet below the 
crown. 


The spring line of the support may be lo- 
cated at, above, or below the spring line of the 
finished structure. 


If the tunnel is large, and if the spring line 
of the support is between 7 and 13 feet below 
the crown, the bench is supplemented by ex- 
cavating a slot down both sides of the tunnel to 
form a second bench. These two slots constitute 
a second bench even though their forward faces 
should be in the same vertical plane as the face 
at the upper bench. If the spring line is between 


6 and 12 feet below the level of the top bench, 
two slot benches are made. When three benches 
are necessary (two main and one slot bench), 
the face at the top bench and at the upper slot 
bench are usually kept in one plane, although 
the top miners sometimes excavate beyond this 
plane. Theface atthelower main bench remains 
far enough behind to provide foot room for the 
men working in the slot. If the distance from the 
top bench to spring line exceeds 12 feet, one or 
more additional slot benches will be needed, the 
face at each being stepped back from the one 
above. 


benches at and below spring line 


The arch support can be erected in the 
space created by the excavation of the top 
bench and the slot benches leading from the 
top bench down to spring line. The core is re- 
moved next. If the core is to be excavated by 
hand, as in the tunnel shown in Figure 16-1, 
the miners start at the top bench and work 
downward across the whole tunnel until sub- 
grade is reached. Since the ground is removed 
in horizontal slices, the bench always extends 
completely across the core. Its level drops as 
the core is removed. If the core is excavated by 
power shovel, no additional benches are re- 
quired. 


When the ground has to be blasted before 
it can be removed by mucker or shovel, the 
face at all benches is advanced one days’ min- 
ing, and a main bench across the tunnel is left 
at some convenient level. Vertical holes are 
then drilled in this bench for shooting the core 
down to subgrade. In this case, the muck is 
often transported from the top heading by a 
conveyor, as the distance from the face is too 
great for manual methods. 


arch support when ribs 
are between liner plates 


If the stability of the ground allows liner 
plates to be installed between ribs, mining 
starts at the crown and proceeds down to 
spring line (as described for full-arch excava- 


173 





Crown Segment 





Upper Haunch Segment 


Lower Haunch Segment | 


Figure 16-1 Installation of Multi-Segment Arch Ribs 


As soon as miners on the top bench excavate face 7, they 
erect the crown rib and the adjacent liner plates or lags. 
If face 2 stays no more than one course behind face 1, the 
crown rib is supported by jacks a. These are sometimes 
supplemented by a vertical drum (not shown) on the 
center line. Then the rib is undercut and the upper 
haunch ribs are installed and blocked, whereupon jacks 
a can be removed. 


On the other hand, if face 2 lags more than one course 
behind face 7, all the crown ribs are blocked against the 
ground and are undercut, one by one. Immediately before 
a rib is undercut, its two ends are supported by jacks a. 


tion in Chapter 10). However, the face is sub- 
divided by benches, each no higher than 7 
feet. 


In a single-bench operation, excavation for 
one (or two) courses of support is completed 
down to spring line. Then the course of liner 
plates is installed. The last step is the erection 
of the arch rib on the leading flange of the 
liner plate course, as described under the head- 
ing “Full-Arch Excavation” in Chapter 14. 
This procedure is quite often followed in two- 
bench operations, also. 


However, if this procedure were used in a 
multiple-bench tunnel, i.e., a main bench and 
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After the haunch ribs are instatled and blocked, the jacks 
are moved to the next rib ahead. 


Before the miners on the lowest (face 3) undercut the 
upper haunch rib, jacks b are installed. The ground is then 
excavated and the lower haunch segment erected and 
blocked on the bench, thus relieving jacks b. 


If the core (faces 4 and 5) is to be excavated by hand or 
by power shovel, no other benches are required. How- 
ever, if the ground requires shooting, face 4 is excavated 
by hand to form a bench across the tunnel. This provides 
head room for drilling the core 5 prior to shooting it. 


two or more slot benches (Figure 16-1), the 
miners on the top bench would be left waiting 
for the miners at the lower level to finish their 
job. To avoid this delay, the arch rib is divided 
into segments, each of which can be installed 
by miners at different levels. The layout of the 
benches, liner plates, and rib segments must 
take care that the joints in both the plates and 
the ribs are easily accessible in their location. 
Joints in liner plates stagger with rib joints. 


Miners at each bench then install both the 
liner plates and rib segments within reach of 
their bench, as always progressing from the 
crown downward. The crown segment will be 
placed first by the miners on the top bench and 





supported by inclined jacks, such as a in Figure 
16-1. Then as soon as they have mined-out, the 
miners on the second bench place the upper 
haunch rib and support the haunch on the 
ground by jacks b, as showninthefigure. Jacks 
a may be removed if desired. After the miners 
on the third bench have mined-out, they set 
the lower haunch rib which rests on the ground 
at spring line. The arch steel is now complete 
and self-supporting down to spring line. All 
jacks can be removed. 


If the ground in the whole or upper part of 
the arch requires unitary excavation, which is 
by no means uncommon, liner plates are mined- 
in as described in Chapter 9. Jacks are used to 
support the plates immediately after they are 
mined-in. In multiple-bench operations, the 
lower benches tail behind the upper ones, and 
the liner plates at the crown are several courses 
ahead of those at the lowest bench at spring line. 
They can be (and often are) supported on these 
several benches by jacks until an arch rib (usu- 
ally a two-piece rib) can be placed from spring 
line to spring line. However, an abundance of 
jacks interferes with mining and mucking on 
each bench as well as the placing of rib seg- 
ments. Therefore arch ribs are often divided 
into several segments with easy-to-handle 
lengths, one for each bench, or one for two 
benches. As soon as the miners on the top 
bench have mined-in a course of plates (tem- 
porarily supported by jacks), they hoist the 
crown segment of the rib under it and support 
it by jacks (as in Figure 16-1). Those jacks sup- 
porting the liner plates are removed, and mining 
proceeds ahead. Miners on the lower benches 
follow the same procedure. Similarly, false 
ribs, instead of permanent ribs, may be in- 
stalled. In this event, a two-piece arch rib is 
erected as soon as mining reaches spring line, 
whereupon the false rib is dismantled for later 
use. 


Because arch segments must be accurately 
placed, spacers are essential. They automati- 
cally insure that ribs are set in a vertical plane 
at right angles to the center line of the tunnel. 
The only problem miners must anticipate and 
prevent is rolling of the rib to either side. One 
safeguard is to mark the center line on the 
crown rib and sight along this line. 


supporting the arch when lags are used 


In a single-bench operation, the procedure 
is to excavate one course ahead, erecting the rib, 
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and install the lags with whatever packing is 
required. 


In a multiple-bench operation, the proce- 
dure follows the one used when ribs are between 
liner plates. The only difference is that rib seg- 
ments are erected before placing the lags. How- 
ever, if especially good ground is encountered, 
such as stiff or hard clay, it may be possible to 
advance several courses, then, working from 
the benches, erect the ribs and lags. It may be 
possible to emplace several ribs during a shift, 
leaving the lags and backpacking for the end of 
the shift. 


supporting the arch 
while removing the bench 


load on arch ribs at time of transfer 


As the excavation of the lower half of the 
tunnel progresses, the ground on which the 
arch ribs rest must be removed (except in the 
case of roof linings with ribs that rest on 
hitches). Then it is necessary to maintain the 
arch rib and its load throughout the time the 
earth is removed, the arch ribs are supported, 
and the steel posts that transmit the load to the 
ground at the bottom of the tunnel are erected. 
The smaller the load on the arch, the easier the 
load transfer can be made. 


The load acting on the arch steel at time of 
transfer depends upon the ground, the rate at 
which the load increases, the width of the tun- 
nel, and the time that elapses between mining 
at the crown and undercutting the arch rib. 
This time, in turn, is a function of the distance 
from the face of the top heading to the rear of 
the lowest bench and of the rate at which the 
heading is advanced. Thus if a bench is 12 feet 
long and the mining progress is 1-1/2 feet per 
hour, the time between initial excavation at a 
given point and undercutting the rib at that 
point is eight hours. During this period the load 
on the arch increases. 


When there are no more than two benches 
in an earth tunnel, the length of a bench rarely 
exceeds 12 feet. A 12-foot main bench is ample 
for working in the heading, also allowing muck 
to be removed by hand. If the bench is longer, it 
is more economical to use a conveyor. 


In multiple-bench work, the combined 
length always exceeds 12 feet simply because 
each bench after the first two adds at least 6 
feet to the total. Conveyors are indicated, 





certainly. It is good common sense to make 
benches no longer than necessary. For one 
thing, any increase of length prolongs the time 
from crown excavation to bench removal; and, 
as a consequence, load on the arch may be in- 
creased at the time of the load transfer. Also, 
the problem of maintaining roof grade may be 
complicated. 


In running or cohesive-running ground re- 
quiring forepoling or unitary excavation, the 
load on the arch ribs is heavy at the start, and 
can grow to its full value before transfer is 
made. In tunnels through soft clay, the initial 
load is slight but increases rapidly, especially if 
the tunnel is mined in free air. However, in 
ground of any other type, initial loads are light 
and, during the first few hours following exca- 
vation, their increase is likely to be unimpor- 
tant. Under all conditions it is advisable to ef- 
fect load transfers as rapidly as possible. 


steel installed must be adapted to the size of 
the tunnel, the character of the ground, the 
load on the arch at the time of transfer, and 
the equipment to be used to excavate the 
bench. Table 16-1 contains a list of the more 
ordinary procedures as well as a brief state- 
ment of conditions under which they are most 
advantageous. Details of various procedures are 
described in the following paragraphs. 


bench excavation bridged 
by liner plate arch 


full liner plate arch 


If a tunnel arch is to be lined with liner 
plates, the simplest and most expedient way to 
bridge the gap in the bench during the load 
transfer is to utilize the diagonal arch action of 
the liner plate arch. As soon as a course of liner 


Table 16-1 
Method of Method of 
Bridging the Ground Width of Height of Excavating Special 
Bench Excavation Encountered Tunnel Tunnel the Core Requirements 
Liner Plate Raveling, medium any any any 
Arch Bridge clay or better 
Partial Liner Plate Raveling, medium any any any 
Arch Bridge clay or better 
Crown Post Slow-raveling, stiff any up to about hand Requires ground 
(on bench) clay or better 16 feet above with good bearing 
spring line value at bench level. 
Crown Post Raveling, medium any up to about hand Requires ground 
(on subgrade) clay or better 16 feet with good bearing 
value at subgrade. 
Wall Plate Fast-raveling soft any any any 
clay or better 
Bracketed Ribs Hard ground at any any any Requires ground 
spring line with good bearing 
value at spring line. 
Crown Bars any any any any Can be used on 
rib lining only. 
Needle Beam | any any any hand Rate of progress 


is limited by speed 
of advancing 
needle beam. 


methods of supporting the arch 
during bench removal 


plates is undercut, most of the load which 
acted on the undercut course of liner plates is 
transferred by ground arch action longitudinal 
to the tunnel onto adjacent courses. The bal- 
ance can be carried by light liner plates. The re- 


The methods of supporting the arch while 
the bench is being removed and the bottom 
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maining load is also transmitted by diagonal 
arch action through the side flanges to those 
courses ahead and behind the undercut course. 
Therefore, in any but cohesive-running, or flow- 
ing ground, undercutting can be done without 
danger to the structure, provided that the sup- 
porting plates located ahead of the site of the 
undercutting are resting on ground that will 
support their lower ends despite temporary in- 
creases in load. 






False Rib 
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Initially, a horizontal jack is placed across 
the tunnel just above the bench to keep the lower 
ends of the liner plates from kicking-in during 
the subsequent removal of the bench. As a 
further precaution, a line of jacks may be in- 
stalled in the heading to support the crown 
plates. These jacks are footed on the bench. 
The liner plate arch in the heading may be 
temporarily reinforced, also, by false arch 
ribs. 


Figure 16-2 Bench Excavation Bridged by Partial Liner Plate Arch 


Liner plates in the heading are supported by false arch 
ribs resting on jacks footed on the bench. In the tunnel 
shown in the sketch, the bench has been removed to make 


room for the next course of ribs. The 32-inch space 
located between the permanent rib and the false rib is 
spanned by liner plates. 
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Under the protection of the temporarily 
supported arch, the bench is mined-out and, 
finally, the full course of supporting ribs is in- 
stalled under the undermined course of liner 
plates. There are two segments in the ribs, ex- 
cept in circular tunnels where three-piece rib 
sets are used. 


partial liner plate arch 


When the ground does not require full roof 
support down to spring line, a partial liner 
plate arch may be used to bridge the bench that 
is to be removed. This partial arch is supported 
by false sets footed on the bench, as indicated 
in Figure 16-2. Permanent ribs are installed 
after the bench is removed. They are usually 
made in two pieces, except in circular tunnels 
where, again, three-piece rib sets are used. 


Four-piece rib sets may be used as an al- 
ternative. Two crown segments are erected 
simultaneously with the liner plates. Sincethey 
are blocked on the bench, they support the 
partial arch of plates. While the bench is exca- 
vated from under an arch rib, the course of 
liner plates, previously supported by the rib, 
bridges the 32-inch space between the full 
rib behind the arch rib and the crown segment 
ahead of it. The undermined arch rib hangs on 
the spacers or tie rods without carrying any 
load. When the excavation of the bench is com- 
pleted, the remaining rib segments are in- 
stalled, and their lower ends are blocked and 
wedged so that the arch segments are again 
pressed tightly against the crown liner plates. 


extra-heavy liner plate arch 


Applications of a standard liner plate arch 
are limited by the maximum load which the 
arch can carry while it acts as a bridge across 
the 32-inch gap between ribs, as shown in Figure 
16-2. If the load surpasses the capacity of this 
arch, wall plates or bracketed arch ribs or other 
methods must be summoned to use. However, 
the technique of using liner plate arches has so 
many advantages that it is often economical to 
increase the load-carrying capacity of the liner 
plate arch by using heavier liner plates rather 
than wall plates or bracketed arch ribs. 


crown post 
crown post footed at spring line 


If liner plates are not called for, obviously 
the liner plate arch method cannot be used. In 
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this situation, the arch rib, which has to be 
undercut, can be temporarily supported by one 
or several crown posts. 


In hard ground such as spade clay or slow- 
raveling ground, a slot in the bench is cut to 
subgrade on each side of the tunnel, leaving a 
core. Just before undercutting the ends of an 
arch rib, a transverse strut is installed. It rests 
on top of the core and prevents the ends of the 
rib from kicking-in while serving, also, as a 
footing for the crown post which transfers the 
roof load onto the core. The arch rib is then 
undercut and the bottom steel is installed and 
blocked. At that point the strut and the post 
can be moved forward to the next rib. 


crown post footed at subgrade 


If the ground below spring line is too soft 
to form a core capable of carrying the roof load, 
a center slot is excavated in the bench down to 
subgrade, and the crown post is footed on the 
bottom of the slot. A horizontal spreader is in- 
stalled at spring line. The slot is then widened 
to undercut the arch rib, and the posts are in- 
stalled. This procedure is illustrated in Figure 
16-3. 
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Figure 16-3 Crown Post Transfer of Arch Loads 


If the ground cannot support the arch load in the manner 
shown in the previous figure, the crown post can be 
footed at subgrade in a slot excavated in the bench on the 
center line, provided the ground at subgrade has moderate 
bearing value. The slot is then widened until the arch rib 
is undercut and the posts placed. 


extent of field for crown post technique 


The crown post procedure is simple and in- 
expensive. For these reasons it is used where- 
ever rib linings are installed in small and 
medium-size tunnels, if the core is excavated by 
hand. It cannot be employed if power shovels 
are used to excavate the bench. The only other 
limitation is the size of the crown post and strut 
demanded in larger tunnels. Both of these mem- 
bers are loaded in compression; therefore, as 
their length increases, their cross-section must 
increase. Thus, as the tunnel becomes larger, 
their bulk and weight increases much faster 
in proportion until they become too heavy to 
manipulate safely. If the crown post must be 
footed at subgrade, its length is increased and 
the limit of its field is reached much sooner 
than if it can be footed at spring line. 


As the tunnel width increases, the bearing 
capacity of the core increases, permitting the 
post to be footed at a higher level — if not at 
spring line, at least at some level between sub- 
grade and spring line. Then, if the arch ribs are 
in three pieces, as shown in Figure 16-4, two 





Figure 16-4 Double-Crown Post 


The figure represents a 16 x 16 foot tunnel in stratified 
ground. The arch is in sand which overlays a medium clay. 
Since the crown is in sand, it is necessary to use liner 
plates and support them immediately by installing the 
crown rib segment which is supported by jacks footed on 
the bench (not shown). 


At some level between spring line and subgrade, the mass 
of clay in the core is sufficient to carry the roof load 
during transfer. By using two crown posts, they not only 
can be shorter, but also lighter than a crown post used 
singly. 


crown posts can be used, reducing the load on 
each and permitting the crown posts to be light- 
er and shorter. 


The advantages of this technique are so 
numerous that, when driving a large tunnel, it 
may be wise to consider crown posts and simple, 
safe routines for their manipulation before 
adopting the wall plate method. 


wall plates 


tunneling conditions requiring 
wall plate method 


A liner plate arch cannot be trusted to 
bridge the gap in the bench at the site of under- 
cutting unless the courses located ahead of the 
face are footed on fairly firm ground. If the 
ground is too weak to sustain the load, the 
lower edges of the roof support in the heading 
must be given a strong and continuous footing. 
Wall plates offer such a footing. 


In tunnels with ribs and lagging, the crown 
post method could be used. However, in large 
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Figure 16-5 








tunnels very heavy crown posts would be com- 
pulsory. They are difficult to maneuver and 
they obstruct the working space at the head- 
ing. In this case, too, the wall plate method 
deserves preference. 


wall plate description 


There are two types of wall plates: single 
beam and double beam. Single beams are H- 
beams or WF-beams laid flat, with the web 
horizontal and the flanges vertical. Double 
beams are two I-beams placed side by side 
with the webs vertical. Both types are shown 
in Figure 16-5. 


wall plate drifts 


Wall plate drifts are advanced beyond the 
face at spring line on each side of the tunnel. 
They are normally excavated 6 to 12 feet ahead 
of the face and lined with boards, as shown in 
Figure 16-6. Wall plates are installed on the bot- 
tom of the drifts and blocked to line and grade. 
As the heading advances, these plates provide 
convenient footings for the arch ribs. Because 
wall plates are accurately lined up, it is easy 
to set the arch ribs correctly to line and grade. 
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Figure 16-6 Wall-Piate Drift Lined with Boards 


In easily mined ground, such as knife clay and friable 
raveling ground, wall-plate drifts are given as small a 
cross section as practical. The smallest drifts are about 
3 feet high and 2-1/2 feet wide and are lined with boards. 
The wall plate is installed on the bottom of the drift. 


The plate shown here is aligned and blocked ready to 
receive the ribs and posts. Wall plates are usually 8 to 12 
feet long. 
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The size of wall plate drifts must conform 
to the character of the ground. In the softer 
knife clays drifts are given as small a cross- 
section as working conditions grant in order to 
minimize the load on the lining. Minimum 
dimensions are 3 feet for height and 2-1/2 feet 
for width. The outer wall of the drift may be 
supported by liner plates, as illustrated in Fig- 
ure 16-7. These plates are left in place to be in- 
corporated later in the liner plate skin. 








Figure 16-7 Wall-Plate Drift with Liner Plate Side 


If fast-raveling ground is encountered requiring unitary 
excavation in the arch, the outer side of the wall-plate 
drift can be supported by a liner plate which later be- 
comes a part of the arch lagging. 


In stiffer knife clays and in raveling 
ground with a medium stand-up time, exca- 
vation of wall plate drifts with a very small 
cross-section is somewhat difficult. On the 
other hand, considerably larger drifts in the 
same ground can be safely left without support 
— at least for a short period. Therefore, drifts 
are made high enough to accommodate miners 
working in a standing position. Excavation 
proceeds with pneumatic spades to a distance 
no more than some 6 or 8 feet ahead of the face 
at spring line. The roof is given a pitch as shown 
in Figure 16-8 to increase the stand-up time. The 
ground is left without support, keeping in mind 
that if mining stops, support is soon needed. 
Therefore, it is customary to schedule drift- 
mining operations to allow wall plates to be 
mined-out during a weekend, when the head- 
ing is shut down. 
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Figure 16-8 Wall-Piate Drift in Spade Clay 


In ground that is hard enough to require a pneumatic 
spade for excavation, even a large wall-plate drift will 
stand up without bracing. The roof of the drift is sloped 
not only to save work but to lessen the tendency of the 
ground to cave. 


Excavation of wall plate drifts in any 
ground is done during the full concrete shift. 
Because progress is relatively slow, excavation 
may have to be continued during the first part 
of the next mining shift. 


wall plates bridge the bench excavation 


Beams that constitute a wall plate are de- 
signed to have sufficient strength to bridge one 
course. Ground under wall plates is removed 
only far enough forward to install the post or 
lower rib (Figure 16-9). 


While transferring the arch load to posts, 
the arch lining is frequently stressed by jacking 
the wall plate up before the post is erected. To 
do so, a hydraulic roof jack is set up just behind 
the site of the new post. By jacking up the wall 








Figure 16-9 Transfer of Roof Load by Wall Plate 


The wall plate bridges the gap between the bench and 
the last post when a new post is to be installed. 


Prestressing of the arch steel can be accomplished by 
jacking the wall plate upward at Point a by means of a 
powerful jack which is footed at subgrade. The new post 
is inserted and blocked before the jack is removed. 


plate a small distance, the arch lining is 
stressed. The post is then erected and blocked 
to hold up the wall plate, after which the drum 
can be taken away. 


erection of arch ribs on wall plates 
in one- or two-bench tunnel 


When using wall plates as described above, 
the arch ribs are customarily erected in one 
operation. On a one- or two-bench job the face 
will be kept in one plane so that one complete 
course of liner plates can be mined-in at one 
time. If necessary, liner plates are temporarily 
supported by jacks close against the face. Two- 
piece arch ribs are the most common. The 
lower ends of the rib segments are set on the 
wall plate, the rib segments are tipped into an 
upward position, and the crown joint bolted. 
Spacers or tie rods are then placed, and the rib 
is blocked against the liner plates. Deviation 
of liner plates from line or grade is corrected in 
the blocking. If the wall plates have been set 
true, the rib is also true to line and grade. As 
the blocking is tightened (by driving the 
wedges home), the rib is prestressed. 


Should half of the arch rib be too large and 
heavy to manhandle, the rib may be divided into 
three or four segments. In this case, the lower 
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segment at the sides is set first and temporarily 
supported by a jack atits upper end. Spacers or 
tie rods keep it from tipping sideways. The 
crown segment (or segments) can then be lifted 
into position and the rib completed. 


arch rib erection on wall plates 
if three or four benches are required 


On a three- or four-bench job, the condi- 
tions are somewhat different. If the face at all 
benches were maintained in the same plane, 
miners on the top bench would be idle until 
those on the lower benches caught up with 
them. To avoid this waste, top-bench miners 
keep ahead of the miners at spring line by sev- 
eral courses. Ordinarily, numerous jacks would 
be needed to support the liner plates, but at 
the cost of interference with work. Therefore, 
the crown rib is erected and supported in the 
center and at each end. As soon as the miners 
on bench number two place their section of the 
rib and support it, supports for the crown beam 
can be removed. The upper segments must be 
installed so that they do not roll. 


If rolling occurs, some of the butt joints in 
the finished rib may be opened. It may be im- 
possible, even, to erect some of the spring line 
segments because the lower ends would not 
clear the wall plate. Under these circumstances, 
the upper segments must be reset. 


wall plates combined with false arch ribs 


Upper segments of the permanent rib are 
not easy to accurately place so that the joints 
can be properly made. The problem is lessened 
by temporarily supporting the liner plates lo- 
cated above the top two benches with a false 
rib. These ribs are much lighter than perma- 
nent ones, consequently much easier to manip- 
ulate. Each one is placed just ahead of the posi- 
tion where the permanent rib will be later 
erected. The permanent arch rib then can be 
installed from the wall plate upward. Once a 
false rib is in place, it can be used, with a 
pulley and a steel cable passed back to an air 
winch, to facilitate raising the permanent rib 
segments. With this mechanical help, the 
weight of the segments of the permanent arch 
rib can be increased and their number can be 
reduced. Inasmuch as the fabrication cost of 
steel ribs decreases with fewer numbers of 
joints, utilizing false ribs with a system of 
cables and winches reduces the cost of both 
steel and erection. 


arch rib brackets 
function of the arch rib brackets 


In hard ground, excavation of wall plate 
drifts is a slow and expensive process. Crown 
posts in this ground are also objectionable 
since machine excavation is both possible and 
economical except that the posts interfere and 
make it impractical. It is, therefore, advisable 
to take advantage of the great strength of the 
ground at spring line and to foot the ribs in 
hitches cut from the tunnel walls at spring line. 
While a nib is being undercut, its load, for the 
moment, is carried by footings in the hitches. 


In order to transfer the load from ribs onto 
footings which are located outside cf the con- 
crete design line, ribs can be splayed outward. 
The lower ends of the ribs rest on the ground at 
spring line. A bracketed seat is attached to the 
inner flange under which a post is erected as 
soon as the bench is excavated. Alternatively, 
ribs may be bent to the contour of the tunnel 
and brackets attached to the outer flanges, as 
shown in Figure 16-11. In either case, arch ribs 
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Figure 16-11 Bracketed Rib 
The rib can be bent to the contour of the tunnel and the 
brackets attached to the outer flange. 


function temporarily as a roof lining. As a con- 
sequence, wall plates are not needed. Savings 
that result are sizable because wall plate drifts 
in hard ground are difficult and expensive. 


Before a rib is installed, miners at the 
spring line bench cut out a hitch beyond the 
concrete line of a depth and width to admit the 
rib or bracket. In a single- or double-bench op- 
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eration, erection of the arch rib proceeds from 
the spring line hitch upward to the crown. (The 
arch rib may be oftwo, three, or four segments). 
Conversely, where three or four benches are in- 
volved (occasionally, even two benches) erec- 
tion of the rib starts at the crown and proceeds 
downward as done with ribs supported by 
wall plates. However, in this case, the proce- 
dure is simpler and less precision is required in 
erecting the crown segments. The ground on 
which the bracket rests is always cut low, which 
facilitates entering the lower rib segments. 
Moreover, the effects of rolling can be elimi- 
nated easily by jacking the lower side. Pre- 
stressing of the rib is achieved by placing a jack 
under the post seat. Jacking is continued to re- 
fusal. Finally, the space beneath the bracket 
foot is blocked and wedged tight. 


prerequisites for use of 
arch rib brackets 


Bracketed arch ribs can only be used if the 
ground at the bottom of the hitches has the 
strength to sustain the arch during the removal 
of the ground adjacent to the hitch until the 
loads are transferred onto the posts or the rib 
segments located below spring line. This period 
is usually no more than an hour or two. It is 
minimized by excavating the core from the 
middle outward, so that removal of the earth 
adjacent to the hitch comes last. 


The load acting on the hitch prior to trans- 
fer onto the bottom steel again depends on the 
time interval between erecting the rib and re- 
moving the ground adjacent to the hitch, and 
on ground conditions in the arch. As long as 
the tunnel advances at a normal rate, the time 
between installing and undercutting the arch 
rib is no more than two or three days. 


If the ground in the arch and at spring line 
are equally firm, the load acting on the hitches 
after two or three days is comparatively small. 
But if mining has stopped for longer periods, 
load on the arch rib may have grown to sizable 
proportions. As long as the bench is intact, firm 
ground can sustain very heavy loads. However, 
immediately after the ground adjacent to the 
hitch has been removed, the ground below the 
bracket foot may shear off. 


Should the ground at the arch be much 
softer than the ground at spring line, the load 
on the foot of the arch ribs may be very heavy, 
even at the end of a two- or three-day period. 


This condition prevails if hitches are located in 
spade clay while the arch is in knife clay or 
sand. There is danger that the hitches will fail, 
even if the tunnel advances at a normal rate. 


substitutes for wall plates 
and arch rib brackets 


economic considerations 


In the preceding paragraphs certain tun- 
neling conditions were shown to demand either 
wall plates or arch rib brackets. However, 
neither installation is inexpensive. A wall plate 
itself adds to the cost of the support structure; 
but it adds nothing to its capacity to carry roof 
load. Excavation of muck from wall plate drifts 
costs considerably more per cubic yard than 
other excavation by manual means. 


The extra cost of bracketed arches includes 
the extra cost of the brackets themselves, the 
cost of excavating pockets, and the cost of con- 
crete in backfilling these pockets. Attempts 
have been made, therefore, to develop a cheap- 
er means of supporting the arch rib while the 
bench is being removed and the lower steel 
placed. These attempts led to the crown bar 
and straddle-bar techniques, as well as the use 
of needle beams under exceptional conditions. 


crown bars 


Crown bars are long H-beams or WF- 
beams oriented parallel to the tunnel axis. 
They are installed close to the crown under the 
ribs previously erected. One end is attached by 
hangers to a completed tunnel rib, the other toa 
completed arch rib. Supplemental hangers fast- 
en them to the rib immediately behind and to 
the rib ahead of the one which is to be under- 
cut. Wedges are driven between the top of the 
crown bars and the bottom of the rib that is to be 
supported. Thus, load on the rib is temporarily 
transferred to the ribs located both behind and 
ahead of it. After a strut is placed across the 
tunnel at spring line (to prevent the ends from 
kicking-in), the rib can be undercut and the 
bottom steel placed to receive the arch steel, 
after which the wedges and hangers can be 
moved forward. 


As soon as all ribs that can be supported 
temporarily from one crown bar have been 
emplaced, the bar is moved forward. In most 
cases, these bars are long enough to handle one 
day’s mining. 


The main objection to this technique is the 
fact that those bars are located at the highest 
point of the tunnel, requiring some form of 
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platform for the working crew. Should muck 
from the heading be transported by a conveyor, 
it can provide access to the crown bars. If there 
is no conveyor, a cat walk can be suspended 
from the roof support or even from the crown 
bars themselves. 


needle beam 
needle beam used in extreme conditions 


Needle beams have been used to carry the 
arch during excavation of the bench and instal- 
lation of the bottom steel. While progress is 
slowed and techniques are cumbersome to ex- 
ecute, particularly in long stretches, needle 
beams have earned a reputation for reliability 
in emergencies. 


Needle beams consist of a longitudinal H- 
beam or WF-beam supported by the bench and 
by posts to the subgrade. A crown post is carried 
on the needle beam to support the undercut rib. 


needle beam useful where the 
bottom and bench is soft 


Needle beams are especially effective in 
conjunction with self-supporting linings in free- 
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air tunnels through soft clay, i.e., clay at spring 
line that will not sustain quickly loaded arch 
ribs with reasonably sized footings. They are 
also effective in cases where the bottom of 
the tunnel is too soft to sustain the load on the 
ribs. The roof of tunnels through this kind of 
ground is most often supported by tight, 
packed lagging. Even though the initial load on 
the arch lining may be small, it may become 
greater than the clay in the bench can bear 
before transmittal of the roof load, even if it is 
transmitted by wall plates. Adequate bearing 
for the needle beam can be obtained by plank- 
ing the bench to whatever width is necessary. 
This beam carries the arch while the bottom 
steel is placed (if the lining is a full-circle), or 
while the bottom steel is placed and invert is 
concreted (if the lining is open-bottom). 


The needle beam was used in the access 
tunnels in knife clay on several sections of the 
Chicago Subway. These tunnels were driven 
by the needle beam technique in free air from 
the working shafts to a distance that permitted 
installation of a bulkhead and air locks. As 
soon as compressed air was applied, the needle 
beam became unnecessary. 
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Chapter 17 
Large Tunnels in Bad Ground 


The foregoing chapter discussed rib sup- 
ports in large tunnels and techniques available 
to erect ribs if all the vertical faces in the tunnel 
stand without any lateral support. Under these 
conditions even very large tunnels can be mined 
with relatively simple procedures although the 
underpinning of the arch involves a certain 
amount of extra expense (for wall plates and 
drifts, arch rib brackets and hitches, or other 
construction expedients). 


By contrast, difficulties in mining and 
constructing temporary supports in tunnels 
through bad ground rapidly multiply as the 
size of the tunnel increases. There are two 
independent causes. 


First, the full load on the roof support de- 
velops almost immediately after the support 
is installed. This load must be temporarily sus- 
tained until the bottom steel can be placed. The 
load which must be held prior to the installation 
of the bottom steel increases relative to the 
square of the width of the tunnel. 


Secondly, not only the roof but also the 
vertical faces demand immediate support. 
Problems associated with supporting the work 
ing face also increase roughly with the square 
of the width of the tunnel. 


This chapter contains a description of 
methods which have been developed to cope 
with the obstacles of constructing large-bore 
tunnels in bad ground. 


tunneling by displacement 


If a ground such as soft silt or very soft 
clay has the consistency of paste, a tunnel can 
be built by displacing the material in the path 
of the tunnel. The sense of this statement can 
be visualized as a tube with a fully or partly 
closed end being pushed horizontally into the 
ground. This is the principle of the shield meth- 
od. 


If it’s possible to apply compressed air to a 
tunnel in soft silt, the silt changes to a raveling 


ground which does not necessarily call for a 
shield. Similarly, in very soft clay, compressed 
air at proper pressure restrains the movement 
of the clay, possibly making a shield unneces- 
sary. However, if proper air pressures cannot 
be applied, the closed-shield technique is in- 
dicated. 


The closed-shield (displacement) method 
can only be used in tunneling through soft or- 
ganic silt or soft clay, both of which have a low 
resistance against penetration. All other types 
of ground, such as fine sand or sand-and-gravel 
mixtures, have high resistance against the 
penetration of an intruding body, and tunnel- 
ing by displacement is impracticable. An ex- 
cavation in such ground does not stay open 
unless, in addition to the roof and sides, the 
working face is also supported. It then be- 
comes necessary to excavate the ground by 
hand, supporting the working face as excava- 
tion proceeds, or to use a tunneling machine. 
As defined earlier, the process of installing 
face support is known as breasting. 


breasting of large tunnels 
difficulties 


In driving a tunnel of any size through 
unstable ground, i.e., fast-raveling, cohesive- 
running, running, or flowing, the vertical work- 
ing face must be breasted. 


Increase of width and height of the tunnel 
increases the size and complexity of the breast 
bracing system. The face of a small tunnel 
driven through a given unstable ground can be 
supported by breast boards extending com- 
pletely across the tunnel. In tunnels that are 
exceptionally wide, breast boards must be di- 
vided into two or more sections. This means 
that a system of supports must be devised 
whereby both ends of the interior breast 
boards and the inner ends of the outer breast 
boards can be braced individually as often as 
they are advanced into a new position. The in- 
stallation of intermediate supports slows down 
progress, of course. 
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The problems of breasting increase as the 
ground becomes more unstable, regardless of 
the tunnel’s size. As the ground becomes softer, 
pressure against the breasting climbs from 
nominal values in fast-raveling ground to 
almost full overburden pressure in flowing 
ground. As pressures increase, heavier and 
heavier members must be used. At the same 
time, breasting must be divided into smaller 
and smaller panels. Bracing members there- 
fore become more and more numerous. In the 
end, the whole breasting structure becomes in- 
creasingly complex. 


To better understand these impediments 
to construction, consider breasting conditions 
in a two-lane highway tunnel driven by the 
heading-and-bench method with vertical faces. 
The outside width of such a tunnel is about 32 
feet. The height must be about the same to ac- 
commodate ventilating ducts and other acces- 
sories. The dimensions of the tunnel cross- 
section are large. As a consequence, each 
member of the bracing system is very heavy 
with lengths that may range between 25 and 30 
feet. Their manipulation is cumbersome. Yet, 
whatever system is used, it must be torn down 
and rebuilt piecemeal at every advance of the 
heading. 


means for reducing difficulties 


As a result of these difficulties, various 
methods of breasting the face of large-bore 
tunnels have been developed. The most impor- 
tant ones are the shield and the sloping-core 
mining method together with the side-drift and 
side-slot techniques. 


Shields provide a ready-made, convenient 
bracing support for breasting the whole face. 
The operation is a variant of the full-face meth- 
od. The side-drift method advances two or 
more parts of the working face beyond the 
face of the crown excavation. These small 
sections can be breasted as easily and rapidly 
as the working faces in small tunnels. The face 
of the remaining core is not breasted at all. 
Therefore, it sluffs or runs until the face of the 
core slopes at the angle of repose of loosened 
ground. Excavation can proceed from the 
toe of the slope since the earth above the toe 
keeps running down. This method is called the 
sloping-core method and is a variant of the 
heading-and-bench method. The side-slot 
method, combined with a sloping core, resem- 
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bles the side-drift method in that the working 
face is divided into small parts. It differsin that 
the breasted faces of the slots follow behind 
the crown excavation. 


shield method in running ground 
function of shield 


When planning the construction of a large 
tunnel through running ground, the builder 
often is inclined to think first of the shield 
method. This is understandable, for the shield 
provides him with a ready-made system of 
beams and telescoping platforms against 
which the breast boards can be braced. 


excavation process when using a shield 


Operating a shield through running or fast- 
raveling ground nevertheless requires manual 
or mechanical excavation ahead of the shield, 
essentially by the full-face method. The face is 
mined to subgrade to provide an opening into 
which the shield can be shoved. However, in 
the arch a short bench is built. 


Miners assigned to the arch pockets start 
the excavation cycle in an excavated room, the 
roof of which is supported by the shield hood. 
They advance the upper telescoping platforms 
over the floor of this room a distance equal to 
the width of a ring of lining. From this room 
they mine ahead from the cutting edge of the 
shield hood, also a distance equal to the width 
of one ring of lining. Breasting is advanced as 
they mine. Protected by the top telescoping 
platforms, miners assigned to the next lower 
tier of pockets simultaneously start to advance 
their portion of the face, working downward. 
Again, they advance the breasting a distance 
equal to the width of one ring of lining. How- 
ever, location of the new breast is behind the 
new crown face by a distance equal to the 
length of the hood. Therefore, the two faces are 
separated from each other by a bench with a 
length equal to the length of the hood. More 
recently, when using a mechanical excavator, 
a center drift excavation is made and the shield 
is advanced. The edges of the shield displace 
the rest of the face into the excavated cavity. 
In this method, only the center breasting is ever 
opened. 


Breast boards are mounted horizontally at 
all levels. As each board is placed in its new 
advanced position, its ends are braced by jacks 
back to the diaphragm of the shield. The shield 


cannot be advanced, of course, if these jacks 
are left in place. Therefore, toward the end of 
the mining cycle, the platforms are retracted 
a short distance and vertical timbers are placed 
against the breast boards. The platforms are 
again advanced to bear on these vertical mem- 
bers, thereby maintaining pressure on the face. 
The jacks are then removed preparatory to 
shoving the shield. As the shield moves for- 
ward, the platform jacks, while maintaining 
full pressure on the face, are collapsed. The 
ring of lining is then installed in the tail ofthe 
shield, and the cycle starts over. If the impor- 
tance of the project warrants the expenditure, 
shields are equipped with air or hydraulically 
operated doors that function as breast boards 
in very soft material. 


side-drift method with vertical face 
side-drift method described 


The principle of the side-drift method em- 
bodies the installation of a permanent or tem- 
porary support for the arch before the arch is 
mined. 


Figure 17-1 diagrams the side-drift meth- 
od. The first step is to drive drift a on each 
side of the tunnel, the bottoms of which are at 
tunnel subgrade. That portion of the tunnel in- 
vert which is within these drifts is then con- 
creted. Concrete deposited in the drifts forms a 
sill on each side of the tunnel. A second drift b 
is then driven directly above drift a and the 
side-wall concrete is poured to spring line. 
Three drifts may be required to reach spring 
line if the tunnel is large. Instead of pouring 
side-wall concrete, steel posts footed on the 
invert concrete may serve as a support for the 
arch ribs until the walls are poured. Following 
this procedure, side-wall concrete is poured 
simultaneously with or just before the arch 
concrete (at a later date). 


The drifts may be small and holed through 
from one end of the tunnel to the other, and 
then concreted back to the starting point. They 
also may be of such size that they can be con- 
creted as they are mined, still leaving room be- 
tween the concrete and the core for traffic. 
In the latter case, they may be driven com- 
pletely through before the main tunnel is 
started, or, more probably, they will be kept a 
short distance ahead of the main tunnel exca- 
vation. 


benefits derived from side-drifts 


These drifts, being of small size, do not re- 
quire rib support for their liner plate linings 
and are therefore easy to drive. Breasting of 
the faces of these drifts is also a simple matter. 


With side-walls concreted up to spring line, 
or steel posts in place, the transfer of arch 
loads is eliminated. Mining of the arch is then 
as uncomplicated as it is on a heading-and- 
bench job or in a tunnel with a roof lining. 


Side-drifts also provide the miner with re- 
liable information regarding the character of 
the ground ahead of the main excavation. If 
revealed to exist, adverse conditions can be pre- 
pared for and handled with maximum economy 
and minimum delay. By the same token, when 
these conditions are unexpectedly encountered 
in a side-drift, their effects are much less seri- 
ous than when met without warning in the main, 
excavation. 


If the bottom of the tunnel is located be- 
low the water table, it is possible that side- 
drifts will also function as drains. Thus, a tun- 
nel that might otherwise require compressed 
air to dry the bottom can be driven in free air. 
While the bottom side-drifts would be under 
compressed air, their height is small; conse- 
quently, it is easier to maintain a specified 
air pressure than in the main tunnel. If neces- 
sary, draining that occurs via side-drifts can be 
supplemented by pumping from a row of well 
points extending 10 to 15 feet below subgrade, 
as indicated in Figure 17-1. Once the two bot- 
tom drifts are completed, the ground above 
them is drained. Consequently, the higher drifts 
can be driven in free air. This sequence of driv- 
ing the drifts is the reverse of the sequence in 
which drainage galleries were installed in the 
days before compressed air was available. 


main tunnel excavation procedure 


Once side-wall concrete or steel support 
has been emplaced, and there is solid support 
at spring line for the arch steel, excavation of 
the main tunnel can get underway. In excavat- 
ing, one of two methods of attack can be 
adopted. The arch and core can be excavated 
at the same time, or the arch can be cut out 
and the core removed later. If the drainage in- 
duced by side-drifts is ineffective, the second 
procedure may be preferred. In this case, the 
ground can be stabilized by applying com- 
pressed air before the core is removed and the 
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Figure 17-1 Side-Drift Method with Vertical Faces 


This figure represents a two-lane highway tunnel 32 feet 
wide and high outside. The left half is a vertical section 
taken a few feet back from the face; the right half is a 
section taken through the spring line bench. 


Drift tunnels a are driven first. If these drifts are below 
the water table they may be driven under compressed 
air. Subdrains or well points or both may be installed to 
lower the water table at the site. Invert and side-wall con- 
crete is then placed. 


Drift tunnels b are next driven above the drifts a in free 
air, if possible. The side-wall concrete is brought up to 
spring line. As the upper drifts advance, the crown liner 
plates of the lower drifts are removed and temporary hori- 
zontal braces are installed and floored over. 


Above the water table, drifts a and b are advanced a short 
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distance ahead or tne main tunnel excavation, thus permit- 
ting maximum use of the liner plates required to construct 
them. Below the water table, drifts a must be driven much 
further ahead or even entirely through in order to properly 
drain the ground ahead of the main tunnel excavation. 
Drifts b need be kept ahead of the main tunnel excavation 
only a short distance. 


Arch excavation is done in two stages, using a crown and 
spring line bench. The crown segments of the ribs are 
carried by straddle bars, crown bars, or drums (not shown) 
while advancing the face of the spring line bench and 
putting up the haunch segments which are footed on the 
concrete at spring line. 


The face ofthe core can be verticaland breasted, asshown, 
or sloped at the angle of repose of the loose ground. 


bottom exposed. To eliminate air leakage, the 
side-walls and the arch are concreted over the 
full length of the tunnel. Bulkheads are in- 
stalled at the ends before air is introduced. 


arch excavation procedure 


Whether the core is removed or stays, ex- 
cavation of the arch can be effected using a 
roof shield or ahydraulic jumbo; in other cases, 
the bench method may be used. Figure 17-2 
shows a double-track railroad tunnel con- 
structed by the roof-shield method. Since the 
roof shield travels on a track embedded in the 
top of the concreted side-walls, it cannot rotate. 
It advances true to line and grade. The one dis- 
advantage of this is the high cost of the shield 
and lining. 


The working face must be breasted whether 
a roof shield or a jumbo is used. Ifthe arch and 
core are removed simultaneously, the face be- 
low the spring line may be breasted with either 
horizontal or vertical boards. Above the spring 
line, only horizontal boards are used. 


side-drift method with sloping core 


principle of sloping-core method 


The side-drift method described above 
basically subdivides the area to be breasted into 
smaller sections. The total area remains equal 
to the total cross-section of the tunnel. To re- 
duce this total area, the face of the core can be 
given a slope rising at an angle equal to the 
angle of repose of the excavated ground. With 
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Figure 17-2 Side-Drift Method with Roof Shield 


This double-track railroad tunnel, 33 feet wide outside, was 
driven through a hill in a densely built-up section of the 
city. The ground was a highly erratic stratified sand-and- 
gravel, with rock occasionally showing at subgrade. Since 
the tunnel was located above the water table, the only 
water encountered was rain water percolating down 
through the sand-and-gravel. 
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The side-drift tunnels were 11 feet diameter, shield driven, 
shoving off the liner plates. Just prior to concreting these 
drifts, two liner plates were removed from every other 
course and the earth dug out to provide a heel of concrete. 
These heels insured against any possible rotation of the 
drift concrete from the passage of the shield to the pouring 
of the rest of the concrete floor. 








this technique, this area becomes equal to the 
sum ofthe area ofthe face located above spring 
line and the area of the faces of the side-drifts. 


Additional reduction can be obtained by 
raising the top of the sloping core to the floor 
of the crown drift, a distance of six or seven feet 
below the crown. Then the top of the core will 
be at a substantial height above the top of the 
side support installed in the side-drifts, as 
shown in Figure 17-3. Roof loads are carried by 
temporary support until the excavation arrives 
at the level of the uppermost side-drifts. Details 
are given below. 


top heading 


The top heading has a height of six to seven 
feet. In a large tunnel, this heading is likely to 
be very wide. It i8 breasted with horizontal 
boards depicted in Figure 17-1. 


crown support 


The crown is supported by liner plates. In 
the interest of economy, thickness of liner 
plates should be calculated so that the spacing 
between supporting ribs is equal to the double 
width of one course (32-inch centers). The 
manner of mining-in the liner plates is chosen to 
suit the ground. As liner plates are mined-in, 
each is supported by a jack which is footed on 
the floor of the top heading. On completion 
of the second course of plates in each mining 
cycle, the jacks are removed from the rear 
course, and the crown rib segment is installed 
under the forward course immediately behind 
the jacks supporting it. The ends of this crown 
rib are footed on the floor of the heading, as 
shown at the left in Figure 17-3. After block- 
ing the liner plates to the crown rib, jacks can 
be removed and the next two-course mining 
cycle can commence. 


trenches 


Arrangements must be made to carry the 
roof load until the remainder of the segments 
of the arch rib can be erected and transmit this 
load to the side-walls. One such method is 
called trench-and-crown post. At the rear edge 
of the top heading, and at about the quarter- 
points of the crown rib, two trenches are dug in 
the sloping core. The bottoms of these trenches 
are approximately level with the crowns of 
the side-drifts. The trenches are sheeted and 
braced, much as a sewer trench. These 
trenches are advanced 32 inches at a time. 
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Once an advance is made, a crown post is 
erected on suitable footblocks on the floor of 
each trench, and the crown rib is blocked and 
wedged to the tops of these posts. (The trench 
and crown post are shown at the right of Fig- 
ure 17-3.) Roof loads are then transferred from 
the footblocks already installed to the crown 
posts. 


mining the haunches 


When the transfer is made, miners at the 
sides of the arch are able to mine-in the haunch 
liner plates. By staggering joints in those liner 
plates 25 percent, the bottoms of the various 
courses will step down at approximately the 
same angle as the ground slopes. Side mining 
is synchronized with the sloping face of the 
core as it advances. Excavation from the toe of 
the slope, which is at subgrade or spring line, 
causes loose muck to roll down, advancing 
the sloping face. Where necessary, jacks sup- 
port the liner plates. 


erecting the arch rib 


As soon as a pair of liner plate courses is 
installed down to the drift tunnels, a plate is re- 
moved from the roof of each drift tunnel, and 
segments of the haunch rib are introduced 
through this opening. They are erected be- 
tween the side-wall concrete (or the steel 
posts) and the ends of the crown rib. As they 
are connected, wedges are driven home to tight- 
en the just-completed arch rib. The haunch 
liner plates are blocked to the rib and all 
jacks and posts are removed to be used again. 


comparison of side-drift, 
sloping-core method 
with shield method 


The above should convey the idea that the 
side-drift, sloping-core combination invites 
continuous advance. Its speed is regulated by 
mining in the crown heading. There the mining 
cycles are quite short and the breasting is sim- 
ple. Good progress is indeed possible. 


There is ample space on each side of the 
arch for the haunch miners to work. As many 
are assigned to this detail as needed to keep up 
with the crown mining. Mucking is no problem 
since it is only shoveled to the rear where it 
rolls down the face of the sloping core. A muck- 
ing machine at the toe of the sloping core dis- 
poses the hand-loosened muck from both the 
crown heading and haunches as it excavates 
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Figure 17-3 Side-Drift Method with Sloping Core 


This method eliminates the major share of breasting dif- 
ficulties in large tunnels. 


The crown heading is advanced by some liner plate 
technique, leaving a bench about 12 feet wide. Muck is 
shoveled back over the rear edge of the bench and rolls 
down the slope. Excavation at the toe of the slope advances 
the sloping face of the core. 


Mining-in the haunch liner plates is synchronized with 
the advance of the core. By staggering the joints in the liner 
plate courses 25% (instead of 50%) the lining steps down 
at about the angle of repose of the ground. Thus, the lower 
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end of the lowest liner plate can be kept buried in the 
ground. 


Arch rib segments are first supported by the bench, as 
shown at the left. Sheeted trenches in the sloping core are 
advanced along with the face as shown at the right. Drums 
carry the arch ribs until the sloping face is advanced far 
enough to expose the roof of the side drifts, whereupon the 
crown liner plates are removed from the drifts and the 
haunch rib segments placed and wedged to refusal. The 
supporting drums are sent up ahead along with the re- 
covered sheeting. 





the undisturbed core. As a result, a large per- 
centage of the total excavation can be per- 
formed by machine. 


In contrast, when employing shields, each 
mining cycle must be finished to subgrade be- 
fore the next advance. 


Side-drifts can be driven and concreted 
fast enough to stay ahead of the main excava- 
tion without undue difficulty. However, the 
cost per cubic yard of excavation in these drifts 
is sure to be higher than in the main tunnel. 
Also, the cost per cubic yard of concrete (includ- 
ing forms) is higher than for the same volume 
if the side-walls and the main tunnel are con- 
creted in one operation. Overall, side-drifts in- 
volve more excavation as well as concrete, but 
not a great deal. These extra costs may never- 
theless cancel the economies of faster progress. 


side-slot with sloping-core method 
ground limitations 


When tunneling with side-drifts, the arch 
load is carried by concrete set in the drifts prior 
to mining the arch. In the side-slot method of 
mining, the arch load is transmitted by ribs to 
footblocks placed directly on the ground at 
subgrade. Plainly, the ground must be capable 
of sustaining these loads. There is no pre- 
drainage of the ground (as in side-drifts) and, 
since wet ground ordinarily cannot endure 
much load, the side-slot method is limited to 
tunnels built entirely above the water table. 
Dry sand (alone or with gravel) or clean gravel 
most often possesses sufficient bearing value 
to qualify. 


procedure 


The processes of (a) mining the arch, (b) 
mining-in the haunch liner plates, (c)installing 
and temporarily supporting crown rib seg- 
ments on crown posts footed in a trench, and 
(d) excavating the core by machine from the 
toe of the slope are the same as those followed 
when tunneling with the side-drift, sloping- 
core method. There is one difference. Instead 
of mining drifts ahead and concreting up to 
spring line, slots are excavated alongside the 
main core. They trail the crown drift and ex- 
tend vertically from subgrade to spring line, as 
shown in Figure 17-4. When, at any particular 
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point, mining-in of the arch liner plates has 
progressed down to spring line, slots are ad- 
vanced to clear the side for the course of ribs to 
be installed at that point. Additional vertical 
sheeting is driven on the core side of the slot 
(and the vertical liner plates mined-in on the 
outside) as the face of the slot is worked down. 
When the side plates have been mined-in to 
subgrade, steel posts are set and the haunch 
rib segments placed between them and the 
previously erected rib segments in the arch. 


Figure 17-4 illustrates the simplicity of 
breasting and sheeting compared to the task 
of holding a full vertical face or the vertical 
faces of a heading and several benches. No 
cumbersome, heavy bracing is needed. Ad- 
vance of the entire tunnel is continuous; and 
because the complete mining operation is done 
at one time, the cost of labor is less than that 
spent on side-drifts. 


comparison with side-drift method 


Where water and ground conditions are 
agreeable to the side-slot, sloping-core meth- 
od, it should be the least expensive approach 
of all. Side-slots can be excavated at less cost 
per cubic yard than side-drifts. There is no ex- 
cess quantity of excavation and concrete. And 
the concrete is poured along with concrete for 
the main tunnel, which reduces outlay. Savings 
are especially significant if the side-walls are 
of such height that two or more drifts must be 
driven to reach to spring line. 


large-bore tunnels at normal 
depths in flowing ground 


compressed air 


When a tunnel is located in soft silt, or 
when sand and/or gravel is confronted below 
the water table, the ground is classified as flow- 
ing ground. This is the worst ground of all to 
handle. The difficulties of driving a tunnel 
through flowing ground are so enormous that 
every effort is made to eliminate the water and 
thereby convert the ground to a more stable 


type. 


The tunnel builder has several means to 
improve the ground — compressed air, well 
points, drainage by deep wells, chemical con- 
solidation, and freezing. Compressed air is by 
far the most common and possibly the cheap- 
est means of controlling the water. However, 
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Figure 17-4 Side-Slot Sloping-Core Method 


This method can be used only in sand-and-gravel in which 
no ground water is present, as it requires that the ground 
have good bearing capacity at the footings. Also it is limited 
to open-bottom linings. 


From crown to spring line, the procedure is the same as 
the side-drift method (Figure 17-3). From spring line down, 
a trench is carried alongside the core on each side of the 
tunnel. Liner plates are mined-in on the outer side of this 
trench or slot, down to subgrade. The inner side is sheeted 
like a sewer trench to confine the core. 


The advance of the side slots is synchronized with the 


haunch plate mining and the core advance. As soon as 
the haunch plates, which are braced by jacks, have been 
mined-in to spring line in any one or two courses, the slots 
are advanced by mining in the corresponding side plates, 
thus advancing the slots. Meanwhile, a crown segment of 
the rib has been carried on crown posts. As soon as the 
site of the next rib has been excavated, the posts and 
haunch segments are placed to complete the rib set. 


When ground conditions permit, this method should prove 
to be the least expensive of any to construct a large tunnel 
in fast-raveling to running ground. 
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it has limitations and, under some circum- 
stances, is not wholly effective. The other pos- 
sibilities named may be used alone or in com- 
bination with compressed air, so that ground 
at the face in a large earth tunnel at normal 
depths today would rarely be truly flowing 
ground. In fact, the worst flowing ground — 
quicksand — becomes a raveling ground when 
compressed air is applied. It may then be so good 
that breasting is not necessary. Other flowing 
ground (beach sand below the water table) 
can be rendered too dry by compressed air, 
causing it to run. However, if less air is used 
(thus leaving the sand fully saturated), the 
ground may have enough cohesion to be 
classed as fast-raveling or, at worst, cohesive- 
running. As such, it becomes easy to mine but 
requires breasting. 


limitations of compressed air 
in large-bore tunnels 


There are cases where compressed air can- 
not be fully effective in a large tunnel — for ex- 
ample, in a 32-foot highway tunnel through 
coarse, free-draining sand and/or gravel below 
the water table. The objective is to dry up the 
bottom. To do this, enough pressure must be 
applied to balance the hydrostatic pressure of 
the ground water at the bottom. The air pres- 
sure at the crown then exceeds the hydrostatic 
pressure of the water at the crown by almost 
14 pounds per square inch. In coarse, loose 
ground the loss of air is tremendous and, unless 
there is an impervious stratum of fine silt or 
clay overlying the tunnel to hold the air, it is 
quite unlikely that sufficient pressure can be 
applied to dry the bottom. 


side-drift method 


The best way to cope with this sort of con- 
dition is to proceed with side-drifts. If the side- 
drifts are driven 9 feet high, the imbalance be- 
tween the pore water and the air pressure at 
the crown amounts to about 4 pounds instead of 
14 pounds. This could be tolerated, probably, 
but if the air leakage proves excessive it can be 
reduced by applying a rubber neoprene to the 
liner plate joints, as described in Chapter 5. 
Well points in the bottom of the drifts not only 
help in driving these drifts but also will drain 
the site. 


Another technique is to drive small (5 or 6 
foot diameter) drainage tunnels with liner 
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plates and compressed air. They are located at 
the sides of the main tunnel, as shown in Figure 
17-5, and are not concreted. After the com- 
pressed air is removed, ground water can enter 
between the flanges of the liner plates, trans- 
forming the tunnels into drains. The water table 
can be lowered further by means of well points 
through the bottom (see below). 


When drainage tunnels are FO feet below 
the water table, it will take 45 pounds of air to 
balance the hydrostatic head. This pressure 
makes tunneling quite costly. Well points 
driven diagonally downward ahead of the 
face lower the water table, hence lower the air 
pressure requirements. Then, in smaller tun- 
nels, i.e., 5 or 6-foot diameter, mining is not 
overly complicated even if the hydrostatic head 
is not fully balanced, a condition which allows 
still lower air pressure. 


side-drift method in quicksand 
overlaid by free-draining sand 


Assuming that a bed of quicksand is over- 
laid with a bed of free-draining sand, and that 
spring line of a large tunnel is in the free-drain- 
ing sand, but that the invert is in the quicksand, 
the side-drift method is recommended for con- 
sideration. Side-drifts can be driven and con- 
creted up to spring line under compressed air, 
with drains at the level of the bottom of the 
free-draining sand. The main arch can be ex- 
cavated down to spring line and concreted. 
Since there remains the danger that the quick- 
sand may heave, maximum allowable air pres- 
sure should be applied to hold down the bot- 
tom. With bulkheads at the ends of the tunnel, 
the concrete structure is capable of holding air 
without leakage. Sufficient air pressure to dry 
the quicksand down to subgrade can be intro- 
duced, after which there is no trouble in remov- 
ing the remaining earth and concreting the 
invert. 


shield method for subaqueous tunnels 
in flowing ground 


A large-bore, subaqueous tunnel through 
unstable ground is safest to construct with the 
equipment and methods of a shield, regardless 
of cost. Certain safety measures can be incor- 
porated in a shield that make the driving of 
such a tunnel less hazardous — measures that 
cannot be used in connection with any other 
tunneling method. These hazards arise prin- 
cipally from the use of compressed air and re- 
side in the danger of flooding the tunnel in case 
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Drainage Tunnel No. 2 
Compressed-Air Method 


Water Table after Both 
Drainage Tunnels 
Have Been Driven 


Figure 17-5 Drainage Tunnels below Water Table In Ground that Will Drain 


If a large tunnel is to be located at a considerable depth 
below the water table, in ground that will drain, the site of 
the tunnel can be dewatered by driving drainage tunnels 
on either side ofthe main tunnel. These are small diameter 
(5 or 6 feet) liner plate tunnels, unlined. Pumping from 
well points in the two drainage tunnels dewaters the site 


of a blow or sudden loss of air pressure. Once 
the pressure is lost, water rushes in. When tun- 
neling below a river, lake, or other body of free 
water, ports of shields are equipped with gates 
(generally hydraulically operated). In the event 
of a blow they can be closed to the inrush of 
water and earth. It’s also possible to install 
diaphragm plates in the tunnel to trap air in 
the roof. 


Shields offer other advantages in driving a 
tunnel through ground which compressed air 
or drainage cannot completely dry and the 
bottom, therefore, remains in a flowing state. 
In this situation, the lower ports can be kept 
closed while mining-out the arch preparatory 
to a shove. While shoving, the ports can be 
opened to take in whatever amount of flowing 
muck is desirable. Or, if it is necessary to re- 
move a boulder from the bottom, the bottom 


of the main tunnel, which then can be driven in free air. 


When the depth of the tunnel invert is too far below the 
water table for compressed air, it becomes necessary to 
resort to chemical consolidation for at least a portion of 
the first drainage tunnel (see text). 


ports can be kept closed until the top is mined- 

. out and mudded-up to hold more air. Air pres- 
sure then can be increased until the bottom is 
sufficiently dry to mine-out ahead of the shield 
through the lower ports and remove the 
boulder. 


large tunnels located too deep in 
flowing ground for compressed air 


side-drift method in sand-and-gravel 


When the water table in sand-and-gravel is 
more than 90 to 100 feet above the tunnel sub- 
grade, compressed air cannot be used be- 
cause the pressure needed to dry the tunnel is 
too high for men to work. It, therefore, becomes 
necessary to rely on drainage or chemical con- 
solidation. For a large tunnel, costs of chemical 
consolidation become exorbitant, particularly 
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if applied to the whole bore. Draining via side- 
drifts or drainage tunnels may be considerably 
cheaper. 


When drainage tunnels must be located 
too far below the water table for compressed 
air, chemical consolidation is necessary to 
drive at least part of the first drainage tunnel. 
The procedure includes several steps: 


(a) The access shaft must be sunk, proba- 
bly as a drop shaft or caisson. 


(b) The ground around the shaft must be 
sealed by chemical consolidation. 


(c) Well points or a deep well must be 
driven down from the bottom of the shaft to an 
effective depth, and pumps installed at the 
shaft bottom. 


(d) Aided by chemical consolidation, the 
drainage tunnel must be advanced far enough 
to establish an air lock. 


(e) Well points must be placed down 
through the bottom of the drainage tunnel to 
the layer of consolidated ground around it, 
with other well points fanning forward and 
downward at 45° angles from the face, as 
shown in Figure 17-5. 


Pumping from all these well points should 
draw down the water table locally so that the 
rest of the tunnel can be driven with com- 
pressed air or, perhaps, in free air. 


Having driven the first drainage tunnel, the 
water table is lowered laterally, as shown in 
Figure 17-5. The head of water over the oppo- 
site drainage tunnel then can be controlled by 
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compressed air without well points. If, on the 
other hand, the well point system worked ef- 
fectively to make it possible to drive the first 
drainage tunnel in free air, the second one 
could be driven that way, too. There may be 
advantages to this system over a system based 
on air plants. 


After the two drainage tunnels have been 
driven, the site of the main tunnel is dewatered 
and can be driven in free air. 


large tunnels in quicksand or soft silt 


In ground that will not drain (such as silt or 
quicksand), the cost of driving a long, large 
tunnel at a depth too great for compressed air 
becomes outlandish and the tunnel economi- 
cally unfeasible. Such conditions could be en- 
countered in short stretches, for example, be- 
tween sections of tunnel located in better 
ground or in rock. 


Ground of this kind can be managed with 
a closed shield without excessive difficulty, 
provided there are no boulders or other ob- 
structions. When an obstruction is met, it must 
be mined-out ahead of the shield. At depths be- 
yond the range of compressed air, however, 
this is not easy. To consolidate the ground 
ahead of the shield so that the obstruction can 
be removed requires an electro-ozmatic in- 
stallation or a freezing plant, either of which is 
expensive and causes much delay. 


If the stretch of quicksand is known to be 
very short (50 to 75 feet) it is feasible to drive 
a ring of sheet piling horizontally into the bet- 
ter ground beyond and thus seal off the bad 
ground. Such a situation is more likely to be 
encountered in rock tunnels than in earth tun- 
nels. 


Chapter 18 
Metal Linings for Shield-Driven Tunnels 


By the time Hewitt and Johanneson pub- 
lished their classic treatise on Shield and Com- 
pressed Air Tunneling in 1922, basic tech- 
niques had developed to the point where few 
changes were later made. Practically every 
kind of difficulty had been encountered and 
overcome. Ground conditions met in later tun- 
nels were in fact repetitions of earlier experi- 
ences. With this empirical data at hand, the 
engineer involved in designing shields and lin- 
ings could successfully build these tunnels. But 
being strongly tied to what had been experi- 
enced before, the tendency persisted to over- 
design these tunnels, especially with respect to 
metal linings. 


Because the initial or primary metal lining 
erected in the tail of a shield represents such a 
large percentage of the tunnel’s total cost, con- 
siderable opportunity existed to lower that 
cost by fabricating segmental linings from 
rolled steel or precast concrete segments in- 
stead of cast iron. Opportunities still exist to 
lower these costs further by reconsidering the 
basis of lining design in light of present-day 
knowledge of those forces that act on the lining 
while shoving the shield. 


conditions to be satisfied 
by shield tunnel linings 


As with all tunnel structures, or structures 
of any kind, a shield tunnel, when completed, 
must have been designed and constructed so 
that the inner face possesses and retains the 
shape, dimensions, and finish consistent with 
the purpose for which the tunnel was built. 


Primary lining. To construct a tunnel with 
a shield, the tunnel must have a lining that can 
be erected ring by ring in the tail of the shield, 
and serve as a reaction to the shoving jacks. 
This lining is called the primary lining. Primary 
lining rings are made of circular segments 
placed end-to-end in the ring. They are cast 
iron, fabricated steel, or concrete. 


Secondary lining. Under certain condi- 
tions, a monolithic concrete lining is installed 


within the primary lining. This is called the 
secondary lining. 


Finish concrete. In most tunnels, concrete 
is added to the inside of the primary or second- 
ary lining to give the tunnel an appropriate or 
specified cross-section. 


Interior finish. In certain tunnels, tile or 
other decorative materials are applied to the 
finish concrete. 


Watertightness. To preserve the structure, 
especially the interior finish, the primary lining 
may be made watertight; or reliance may be 
placed on the watertightness of the secondary 
lining or finish concrete. 


Permanent lining. This term designates 
the lining which is designed to carry all loads 
throughout the life of the tunnel. It may be the 
primary or the secondary lining. 


Constructional lining. This phrase refers to 
a primary lining within which a secondary, 
permanent lining is installed. It must carry all 
loads only to the time it is supplemented by the 
secondary lining. 


For lining nomenclature see Figure 18-1. 


No matter what material is used in its con- 
struction, the primary lining in a shield-driven 
tunnel must meet the following basic require- 
ments: 


(a) It must have the strength to resist the 
thrust of shield jacks during the construction 
of the tunnel. 


(b) It must have the strength to resist earth 
pressures acting on it after the shield has 
passed. 


(c) It must be quickly erectable. 


These are the three basic requirements 
for every primary lining. With the passing of 
the shield, the last of these requisites ceases to 
be valid. The first is no longer a factor after the 
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Primary (Constructional) 
Lining of Fabricated 
Steel Segments 


Primary (Permanent) Lining 
of Cast-Iron Segments Secondary (Permanent) 
Watertightened Concrete Lining 


ALT A 





Finish Concrete Finish Concrete 





(a) (b) 


Figure 18-1 Shield Tunnel Nomenclature 


The primary lining is the lining which is erected in the tail Finish concrete may be added to a primary or secondary 
of the shield, assembled segment by segment into a ring, lining to give the tunnel specified internal dimensions as 
and ring by ring into a tube. It must resist the jack thrust at (a) or (b). 
and carry the earth load either permanently or temporarily. 
This lining may be made of fabricated steel or precast The lining that must carry all loads throughout the life of 
concrete segments. the tunnel is called the permanent lining. It may be the 
primary lining as at (a) or the secondary lining as at (b). 
A secondary lining of monolithic concrete may be installed In the latter case, the primary lining is called the construc- 
within the primary lining as shown in (b). tional lining. 
shield has moved forward several hundred Only enough internal concrete is added to 
feet. Ability to carry earth loads is a require- a permanent, primary lining to give the tunnel 
ment that continues throughout the life of the its required cross-section; any internal finish is 
tunnel. applied to this concrete. Water seeping through 
not only can ruin the finish but, in time, may 
Earth loads imposed on a primary lining cause the concrete to deteriorate. In any event, 
do not reach their maximum until after the the tunnel would be unsightly. Certainly, seep- 
air pressure is removed. Thus a permanent ing water promotes corrosive deterioration of 
primary lining must eventually withstand full metal linings. Watertightness is therefore an 
earth pressure. additional requirement of permanent, primary 
linings. 
The primary lining can function as the 
permanent load-bearing lining if the material Since the constructional primary lining 
from which it is fabricated does not deteriorate serves only as a construction expedient, a per- 
in its tunnel environment. In the case of pri- manent, load-carrying secondary lining is 
mary linings of metal, corrosion, if present, placed inside. As soon as this concrete has set 
causes deterioration. This, however, can be up, the primary lining is no longer considered to 
controlled. add anything to the tunnel structure. There are 
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times when the secondary permanent lining is 
counted on to provide a specified degree of 
watertightness. It must be placed while no 
water is entering the tunnel, which means that 
it is placed under compressed air. The con- 
structional primary lining, therefore, can be 
designed for the earth load minus the air up- 
lift. For some purposes, a concrete secondary 
lining cannot be made sufficiently watertight. 
This holds for highway tunnels, station sec- 
tions of subway tunnels, and any tunnel sub- 
ject to temperatures below freezing. 


Therefore, watertightness may become an 
additional requirement of a constructional pri- 
mary lining even though it is not considered to 
be the load-carrying lining. If this function is 
assigned to it, the constructional lining must 
have a necessary degree of permanency. 


Linings with which the shield-tunneling 
technique was developed were cast-iron seg- 
ments. At the time, cast iron was the only way 
in which suitable metal segments could be 
made. Modern welding methods to join steel 
had not yet been developed. 


The first linings of cast-iron segments 
worked well, as have all subsequent ones. Oc- 
casionally, segments still crack under jacking 
pressure and must be replaced, which can be 
objectionable. Perhaps their greater disadvan- 


tage is weight from extra thicknesses required 
to be sure that the castings will be sound. 


Figure 18-2 shows a typical cast-iron seg- 
ment. It will be noted that the skin and the 
flanges are heavy. This thickness of metal is 
not necessarily required to resist the jack 
thrust nor to carry earth loads. The segment is 
much heavier than necessary in order to fulfill 
its basic requirements under a rational design. 
This is due principally to the fact that foundries 
cannot guarantee sound castings if their thick- 
ness is reduced. Prospects for any significant 
reduction in the weight or cost of cast-iron lin- 
ings are limited. 


Segmental linings of fabricated steel were 
introduced in 1928-1929 in the land sections 
of the Detroit-Windsor Tunnel. This 31-foot 8- 
inch O.D., two-lane vehicular tunnel was con- 
structed with private capital. The designers, 
not having unlimited public funds to draw 
upon, departed from customary practice and 
turned to steel. A primary lining of segmental 
steel was developed and used, costing less than 
half that of a cast-iron lining. 


This beginning was followed by the 31-foot 
O.D. Sumner (vehicular) Tunnel under Boston 
Harbor to East Boston, a section of a 25-foot 
sewer tunnel in Detroit, a 16-foot 9-inch sewer 
tunnel in St. Paul, and a 24-foot 9-inch subway 





Figure 18-2 Typical Cast-Iron Tunnel Segment 


Very little economy can be effected in cast-iron tunnel 
segments because it is very difficult in the foundry to pro- 


duce sound castings of that size with much thinner sec- 
tions. 
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tunnel under the Loop in Chicago. Later, the 
Callahan Tunnel in Boston, paralleling the 
Sumner Tunnel, and portions of the BART 
subway system in San Francisco were driven 
with steel segments. Sections of the Washing- 
ton, D.C. Metro also have been built and are 
continuing to be built with segmental steel 
linings, as are interceptor sewers in New York 
City.! 


The fundamental reason for the lower cost 
of steel segments is that manufacturing limita- 
tions are not placed on the designer, as they 
are with cast iron. The designer can specify 
and obtain any thickness of steel he wants in 
any part of the segment. He can prescribe just 
the right amount of steel to take the jack thrust, 
the proper amount to resist the ring thrust set 
up by earth pressure, and, by judicious arrange- 
ment of the steel, impart the desired stiffness 
to the segment. The resulting weight per foot 
of tunnel is but a fraction of the weight of the 
cast-iron rings and, even though the pound 
price is higher, the cost generally has been 
almost half of that for cast iron. 


Reinforced, precast concrete segments have 
been used as linings for shield-driven tunnels. 
More popular in Europe than in the United 
States, they are nevertheless receiving more 
and more attention. Men in the tunneling in- 
dustry are perpetually charged with the chal- 
lenge to build more tunnels faster, and build 
them cheaper. This amounts to an invitation to 
seek and test different materials. 


Concrete segmental linings have been used 
as the permanent lining, without finish con- 
crete in the arch, in sections of subway tun- 
nels driven through sand above the water 
table. While structurally sound, rainwater 
seeps through every joint between blocks and 
through cracks caused by jack thrust. 


Primary linings of this material have been 
used in tunnels for water and sewage built in 
soft clay. They were the constructional lining, 
the permanent one being a heavy monolithic 
pour inside the blocks. 


Successes with precast segments are out- 
numbering near-successes, and are adding to 
the body of knowledge of their design, applica- 
tion, and sealing against water. 


Many sewer tunnels with 12-foot 6-inch 
diameters or less have been shield-driven using 
regular liner plates for lining. In some of these 
tunnels, circular ribs were used with the liner 
plates; in others, liner plates alone. Where 
possible to use, these are economical linings 
for shield-driven tunnels. 


In some cases, no special provisions were 
made for jack thrust, except to use a gage of 
steel heavier than that normally used for a 
tunnel of that diameter. In other cases, the cor- 
rugations were oriented across the liner plate. 
In still other instances, transverse angles were 
welded in the plates to carry jack thrust. 


In all these tunnels, the primary liner plate 
was the constructional lining; and the mono- 
lithic concrete lining, the permanent lining. 


Over the years, primary linings of steel 
have tended to imitate one characteristic of 
cast iron in that an excessive measure of stiff- 
ness has been designed into the segment. This 
added stiffness calls for extra material and fab- 
rication, which adds to costs. A high measure 


‘of stiffness is not only unnecessary but actually 


has an undesirable effect on the stresses acting 
in the lining. By reducing stiffness, economies 
in lining are realizable. 


In order to withstand jack thrust, construc- 
tional primary linings are frequently given suf- 
ficient strength to carry the maximum earth 
load. It follows, then, that this particular lining 
is strong enough to function as the permanent 
lining. If assigned this function, thickness of 
the secondary lining, or finish concrete, can be 
reduced and the whole external diameter de- 
creased. However, the designer must feel con- 
fident that the steel lining is in fact permanent. 
In some cases, he must be certain that the steel 
lining can be made as watertight as a cast-iron 
lining. 


Watertight is a relative, not an absolute, 
term. Generally, shield tunnels are below the 
water table. In fact, water in and above the 
ground is the main reason why shields are used. 


In the United States no tunnel below the 
water table has been constructed that is abso- 
lutely watertight. (In Germany some tunnels 
have been made completely watertight by in- 


‘Also the Midtown-Manhattan Tunnel, Chelsea Creek Siphon, Detroit Outlet Conduit, Northwest Interceptor Sewer 
(Chicago), Flint River Diversion (Atlanta Airport, Georgia), River Rouge Sewage Treatment Plant, and the Kentwood 


Gypsum Mine Shaft (Michigan). 
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cluding a copper skin between two linings. The 
outer lining was designed to accept the jack 
thrust and earth load, while the inner lining 
was designed to take the hydrostatic pressure.) 
Leakage may be extremely slight. It may only 
be the occasional appearance of a damp spot 
on the inner surface of the masonry lining 
where rapid evaporation prevents collection 
and trickling. Water may enter the tunnel ata 
number of spots, seeping through the masonry 
lining and trickling down the drains to asump 
from which it is pumped at intervals. It may 
amount to a few gallons a week or a day. This 
sump water is not only leakage, but also con- 
densation on the walls of the tunnel and drip 
from vehicles enteringthetunnelonrainy days. 


Any leakage more than a seep would not be 
accepted in a tunnel. Should there be more 
leakage than that at completion of the struc- 
ture, the owner very probably would not accept 
it from the builder. If it developed later, steps 
to eliminate or reduce it to tolerable propor- 
tions would be taken in the course of regular 
maintenance. After all, leakage varies with the 
seasons because of temperature changes, i.e., 
there is more leakage in winter than in sum- 
mer, and when temperatures vary widely, such 
as in ventilated highway tunnels. 


Regardless of its purity, water seeping 
through a crack in a concrete lining acts as a 
very weak acid to dissolve the cement. The rate 
at which this deterioration occurs is propor- 
tional to the amount of water that passes 
through the leak. On a gigantic scale, this is 
how caves are produced in limestone forma- 
tions. The eating away of the cement mortar 
surrounding the grains of sand and the aggre- 
gate weakens the concrete structurally. 


As water emerges from the face of the con- 
crete, airin the tunnel evaporates part or all of 
it and dissolved calcium carbonate is deposited 
on the walls of the tunnel. It is the same proc- 
ess by which stalagmites and stalactites are 
formed in limestone caves. 


Tunnels in colder climates where winter 
temperatures can be severe present other prob- 
lems. For example, tremendous volumes of 
ventilating air are needed in highway tunnels. 
As a result, temperature of the tunnel’s walls 
are often well below freezing, which also occurs 
in railroad tunnels in cold climates, especially 
near the portals. 


The most serious problem, however, is the 
effect of freezing on the structure. When cold 
temperatures cause the water to freeze back 
into the masonry, the formation of ice in the 
concrete adjacent to the leak loosens the ag- 
gregate. Even if it does not fall out immedi- 
ately, its strength is gone and deterioration ac- 
celerates. Succeeding freezes penetrate deeper 
and may actually enlarge the opening through 
which water passes. 


In general, leakage into a tunnel, as long 
as it does not go beyond a seep at any one 
point, is not serious except in traffic tunnels 
and station sections of subway tunnels. It 
should be said that these tunnels are brightly 
lighted and leakage stains are unsightly. Too, 
freezing often causes tiles to drop off the inner 
face of the tunnel. They must be replaced, and 
unless the leakage is stopped, the problem 
will recur. 


Any degree of watertightness required be- 
yond that attainable with good concrete is very 
expensive. The cost of pumping leakage (and 
condensation) and repairing those spots where 
structural damage occurs is far less than per 
annum interest charges on the sum that would 
have to be spent to secure maximum water- 
tightness. The engineer (or owner) must bal- 
ance expenditures for the control of leakage 
against public sensitivity to appearances. 


Techniques of obtaining watertightness in 
cast iron or steel shield linings have reached a 
high degree of perfection. Today, almost no 
water will be entering a tunnel at the time of 
concreting. Whatever damp spots (leakage 
generally will be only damp spots) that show 
when the tunnel is turned over to the owner 
have been caused by conditions inherent in the 
cast-iron lining. That is to say that such leaks 
are caused by shrinkage or expansion (result- 
ing from temperature variations and from 
slight changes in the lining shape due to 
shrinkage of the concrete while setting), or to 
changes of loading as the surrounding ground 
adapts itself to its new conditions. Custom- 
arily, contractors are required to eliminate any 
leaks above the roadway which visibly affect 
the finish of the tunnel. Minor seeps below the 
roadway may be accepted. 


A cast-iron shield lining is composed of 
rings of heavy, rigid cast-iron segments. They 
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are bolted to each other at their side and end 
flanges. To make them as watertight as possi- 
ble, the bolt holes are countersunk as shown in 
Figure 18-3 (which also shows the caulking 





Plastic Grommet 


Lead Caulking 


Cement 


Figure 18-3 Watertightening 
Cast-Iron Segmental Lining 


The bolts are watertightened by inserting grommets and 
washers under the head and nut. The grommets are a 
special plastic material. Tightening the nut forces the 
plastic to cold-flow down into the countersunk holes to 
effectively prevent passage of water into the tunnel. 


Passage of water between the flanges is prevented by 
driving lead into the caulking groove at their inner edge. 


groove all around the segment at the inner 
edge of the four flanges). Since the flanges are 
machined but the caulking grooves arenot, any 
variation in the width or length of the casting 
appears as a variation in the width ofthecaulk- 
ing groove when the segments are bolted to 
each other. 


A good many engineers still believe that 
machining the segments is a prerequisite for 
a watertight job. Nothing could be less true. 
No segmental lining could be machined so 
close that it would be watertight even under 
the relatively controlled conditions of a shop, 
much less in a tunnel. 


In the early days of shield tunnels, cast- 
iron segments were used as they came from the 
foundry — smoothed up but not machined. 
Every casting varied in one or several dimen- 
sions from every other casting. The width 
varied not only from casting to casting but also 
from end to end of the same casting. The length 
varied in a like manner. Flanges were not truly 
parallel or radial. 
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When these segments were erected in the 
tail of a shield, a newly erected segment would 
touch the segments in the ring behind it at no 
more than three or four points. This led to two 
difficulties. When shield jacks applied pressure 
to the newly erected segments in the next 
shove, frequently one or two of the segments 
would crack. Although not structurally seri- 
ous, these cracks were a source of leakage. 
Cracked segments therefore had to be replaced 
at the end of the shove. Breakage was not con- 
fined solely to the newly erected ring but just 
as often occurred in the next ring back. This 
meant tearing down the first ring completely 
and partially dismantling the second ring to re- 
place broken segments. Unless the segment 
erector could be moved backward to serve the 
second ring, the operation was awkward and 
time-consuming. Since there was the possi- 
bility that the second ring might have to be dis- 
mantled, the tail of the shield had to be long 
enough to lap two and a half rings. 


The second difficulty was a phenomenon 
tunnel builders call a dished face. The accumu- 
lated error in dimensions often led to a condi- 
tion where the leading flange of the lining de- 
parted considerably from a true plane. It might 
be bowed from top to bottom or from side to 
side. Or, it might be in a plane for half or two- 
thirds of the circular distance and then depart 
from the plane, ascending or descending the 
rest of the way. Whenever the face became 
dished it was quite difficult to erect a new ring, 
and the breakage of segments increased con- 
siderably. 


Machining the flanges overcame these 
difficulties Gt was not the intent to water- 
tighten the tunnel). Lead caulking was intro- 
duced shortly after machined segments came 
into use. As a by-product of machining, water- 
tightening could be accomplished more easily 
and be more effective. Dimensions of the caulk- 
ing grooves were more uniform. The closer fit 
inherent in machined segments merely reduced 
the rate at which the water entered the tunnel 
before caulking. Corrosion, resulting from the 
leakage of water into the tunnel, sealed the 
water’s passageway much better. 


In a segmental lining there are only four 
possible places where water can enter the 
tunnel: (a) through the cast iron itself, (b) 
through a crack, (c) around the bolts, and (d) 
between the flanges. 


(a) Leakage has been known to happen 
through spongy castings. This has been largely 


eliminated through better foundry practice and 
by coating the outer surface of the casting with 
a bituminous compound applied to the heated 
casting. 


(b) It is customary to replace cracked seg- 
ments. 


(c) Leakage through the bolt holes is pre- 
vented by grommets and washers. Bolts are 
generally large in diameter, ranging between 1 
and 1-1/2 inch. They are heat treated to a high 
tensile strength so that they exert tremendous 
pressure on the grommets when drawn up to 
prescribed stress. Grommets are made of a 
special plastic that cold flows under the pres- 
sure exerted by these high tensile bolts, filling 
all voids between the bolt and the bolt hole. 
Bolts, washers, and grommets are installed 
when the segment is erected. 


(d) Leakage between flanges of the seg- 
ment is stopped by caulking with lead or using 
a gasket, shop applied, to the flanges. When 
caulking with lead, a ribbon of the appropriate 
width and thickness is inserted edgewise into 
the caulking groove and hammered tight with 
a pneumatic tool. This is not done until the tun- 
nel has been cleaned in preparation for con- 
creting. After inspection, the caulking groove 
is filled with neat cement. 


Inspection is very rigid. Every bolt and 
every foot of caulking are checked by the in- 
spector. If there is the slightest suspicion of 
water, the immediate area is wiped dry and dry 
cement is dusted over that area. Leaks are dis- 
closed by a darkening of the cement. If a grom- 
met leaks, the bolt may be tightened more or 
the grommet replaced. If the lead caulking 
leaks, it is peened with a caulking tool. Then a 
second inspection, equally thorough, is made. 
If the cement does not discolor in a certain 
number of hours, the section is passed. 


In a fabricated steel segmental lining there 
are only three possible places where water can 
enter the tunnel: (a) through the welds joining 
the components of the segments, (b) around 
the bolts, and (c) between the flanges. 


(a) Proper design of the welds, with good 
workmanship and inspection in the shop, pre- 
vent leaks through the welds. If a leak does ap- 
pear in the tunnel, it will not be more than a 
pinhole in a weld and can be closed by peening. 


(b) Bolts used in a steel lining are high ten- 
sile bolts but are smaller in diameter (7/8 and 


1-inch) than those for cast-iron linings, and are 
more numerous. Plastic grommets and washers 
are the same as those used for cast iron. 


(c) Flanges can be watertightened by using 
lead in a caulking groove or by gasketing the 
flanges. Figure 18-4. 
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Figure 18-4 Gasketed Steel Lining 


If either the water-sealing or the permanent 
load-carrying function is assigned to the pri- 
mary metal lining, the designer must be as- 
sured that the metal lining will be permanent. 
Being of cast iron or steel, the question of cor- 
rosion quickly enters the designer’s mind. He 
probably has no hesitancy accepting cast iron 
since it has been used since the start of the cen- 
tury. Steel is another matter. Knowing that 
steel corrodes sooner than cast iron in an open 
environment, he is reluctant to accept the fact 
that steel is as permanent as cast iron in a tun- 
nel environment. In some cases, steel is more 
durable. 


To understand why this is true, the process 
of corrosion must be explained. 


Cast iron is subject to two kinds of corro- 
sive deterioration: rusting and graphitization. 
Moisture and oxygen are the causes of rusting. 
When oxygen, in the presence of moisture, 
comes into direct contact with the base metal, 
it corrodes. This means that oxygen must reach 
under whatever coating there is on the surface 
of the cast iron to rust. 


When it leaves the foundry, cast iron bears 
a hard, non-corrosive coating. Until this coat- 
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ing is broken or penetrated, oxygen cannot 
contact the metal underneath. It may be a long 
time before rusting becomes visible on a rough 
iron casting stored in the open. Steel, on the 
other hand, is protected by only a light mill 
scale which is generally broken. After the first 
rain, it shows a coating of yellow rust wherever 
the mill scale is broken. This is the real basis 
of the false conclusion that steel rusts faster 
than cast iron. 


Tests have shown conclusively that a piece 
of machined cast iron placed beside a piece of 
machined steel, in the open, rusts on the sur- 
face at the same or slightly faster rate than 
steel. 


Cast iron is subject to a second corrosive 
deterioration known as graphitization, an ac- 
tion which occurs under the surface. Often the 
whole mass of cast iron is graphitized with no 
visible sign on the surface. 


Cast iron is a heterogeneous mass of flakes 
of graphite, grains of iron, and other impuri- 
ties. In the presence of certain electrolytes — 
salt water, for instance — and in the absence of 
oxygen, flakes of graphite and grains of iron 
form miniature electric cells. Without elaborat- 
ing on technical details, the result of this elec- 
trolytic action is the dissolution of these grains 
of iron leaving a honeycombed structure of 
graphite flakes whose cells are filled with the 
by-products of iron corrosion. No change of 
shape occurs, nor is the surface affected. When 
removed from its environment, this graphitized 
cast iron has little strength and can be cut with 
a knife. 


It is not known to what extent graphitiza- 
tion may have attacked cast iron tunnel linings 
because detailed examinations have not been 
made. It is known, however, that graphitiza- 
tion proceeds quite slowly and, because of the 
heavy profiles of cast segments, there is proba- 
bly little likelihood of tunnel failures from this 
cause. Graphitization has been the cause of 
the failure of a large number of cast iron water 
and gas mains laid 50 to 100 years ago. 


In contrast to cast iron, steel is subject to 
only one type of corrosion — surface rusting. 
Rusting proceeds from the surface inward. It 
may progress at a uniform rate over an area or 
it may develop faster at some points than 
others, which is more common, thus causing 
pitting. This is the same as surface rusting of 
cast iron. 
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Like cast iron, steel requires the presence 
of oxygen and water at the surface of the base 
metal. A coating of any kind that denies water 
and oxygen access to the base metal stops cor- 
rosion until that coating is penetrated. 


Consider steel (or cast iron) performing as 
a shield tunnel lining in its underground en- 
vironment. The presence of a shield is near- 
certain evidence that the tunnel is located be- 
low the water table. As the lining emerges from 
the tail of the shield, it comes into contact with 
the earth or the gravel blown through while 
shoving. Free water may be restrained from 
the tunnel by the compressed air, but the earth 
is damp and oxygen is present. The elements 
for corrosion are there. Bare spots — that is, 
spots where mill scale has broken away — 
will rust, forming a thin film of corrosion’s 
initial yield mixed with grains of silt, sand, or 
clay that are in contact with the steel. Im- 
perfectly sealing the surface from contact with 
the air, this film nonetheless retards the rate 
of corrosion. 


When compressed air is removed from the 
tunnel, pore water returns to completely en- 
velop the lining. Once it has filled all the pores 
and voids in the ground, it becomes stagnant, 
except in the event of a leak into the tunnel. Air 
(containing oxygen) has now been displaced by 
water, also containing a small amount of dis- 
solved oxygen. The rusting process continues 
until the oxygen in the water which is in con- 
tact with the lining is exhausted. Then it stops. 


By the time rusting ceases, corrosion has 
effected no more deterioration than a fraction 
of one percent. In areas where mill scale ad- 
hered tightly, no corrosion occurred. The same 
is true of areas covered by grout. Other areas 
are coated with a tight scale composed of earth 
and those by-products of corrosion. This scale 
is so hard that it takes a knife to scrapeit away. 
And the pits below the scale are so shallow that 
it is impossible to measure their depth with or- 
dinary laboratory devices. 


The reason corrosion stops is that no more 
oxygen is there to promote it. Access to free air 
is denied by pore water filling the voids of 
the ground. This water is stagnant. Being be- 
low the water table, it has no place to go unless 
it drains through a leak into the tunnel. Once 
oxygen in pore water contiguous to the tunnel 
has been consumed, it can be replaced only by 
diffusion of oxygen through stagnant water. 
(Experiments show that it would take 60,000 


years to corrode a 1/4-inch plate under 15 feet of 


free water by diffusion alone.) The rate of dif- 
fusion would be much slower through pore 
water. Thus, ground water acts to protect the 
steel (or cast iron) from corrosion not unlike an 
indestructible coat of paint asthick asthe head 
of water in the ground. 


Some of the first steel liner plates were in- 
stalled in the Passaic Valley Sewer in 1913-151. 
In 1933, a portion of this sewer was relocated 
during construction of the Pennsylvania Rail- 
road Station in Newark. A group of engineers 
seized upon this opportunity to observe and 
note the unimportance of deterioration of steel 
below a water table. 


This particular tunnel was located in sand 
about 20 to 25 feet below the surface. The water 
table was about 5 feet above the top of the 
tunnel. To construct the station, the entire site 
had been dewatered by well points several 
months prior to the exposure of the liner 
plates. During their life, these plates existed in 
three different environments; (a) stored in the 
open where they were subjected to atmospheric 
corrosion, (b) buried in the ground below the 
water table for 18 years or more where no 
oxygen could reach them, (c) buried in the 
ground for several months, but above the arti- 
ficially lowered water table where free oxygen 
and oxygen carried by rainwater could and did 
reach the surface of the liner plates. 


As these 1ll-gage liner plates were re- 
moved from the demolished section of the tun- 
nel, specimens were examined by the director 
of research of an important steel company then 
engaged in studying corrosion of steel. He re- 
ported as follows: 


Test of Plates 


In removing the plates, some were 
badly distorted and bent, which caused al- 
most all of the rusted coating on the out- 
side surface to peel off. The inner and outer 
surfaces of the plates still had the original 
blue-black mill scale adhering to them. 
Very little pitting of the surfaces was no- 
ticed. The outside surfaces were coated 
with hard, dark brown coating of rust 
mixed with sand about 1/16 to 1/8-inch in 
thickness. This coating was water-resistant 


! Engineering News Record, March 16, 1933, pp. 337-338. 


and almost like an enamel. An analysis 
showed the following percentages: 


Ferric oxide 20.02 
Silica 74.22 
Alumina 1.42 


It required considerable pounding to 
break the scale away from the plate. When 
broken away, the steel underneath was 
clean and did not show any deep pits. This 
indicated that rusting or corrosion took 
place very quickly, or within a few days or 
perhaps a week after the plates were in- 
stalled. The absence of pitting and the 
presence of the adhering, thin black mill 
scale before it could be rusted into a brown 
compound verifies this belief. 


A similar exposure of plates buried in clay 
for 16 years was made in Detroit in 1936, when 
a new sewer was joined to one that had been 
constructed in 1920, also with 11-gage liner 
plates. The engineer reported that the original 
mill scale was intact and the plates could have 
been used over again except for the fact that 
they were the wrong size. 


Water flowing through a leak in a metal 
tunnel lining over a period of years is fre- 
quently self-healing, thanks to corrosion. As it 
seeps through the narrow spaces between the 
flanges of the segments, it brings new supplies 
of dissolved oxygen with it. This replenishment 
sustains corrosion. The volume occupied by the 
fruits of corrosion is approximately 2-1/2 times 
the original volume of the metal corroded. With 
time, rust on the walls of the narrow passage 
between flanges finally fills the space, success- 
fully sealing off the leak. The rate at which cor- 
rosion proceeds decreases with the increasing 
thickness of its film; so the healing process 
takes a good many years to run its course. This 
principle was exploited to watertighten shield 
linings prior to the advent of lead caulking. A 
pasty mixture of sal ammoniac and iron filings 
was troweled into caulking grooves between 
the flanges. The sal ammoniac accelerated the 
rusting of the iron filings. Corrosion expanded 
the mixture and the tunnel was tightened 
against water. 


In summary: 


(a) A steel shield tunnel lining located be- 
low the water table is not subject to corrosive 
deterioration and is permanent. 
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(b) Linings above the water table can cor- 
rode much as steel mains for water or gas cor- 
rode externally. The rate of corrosion lowers to 
imperceptible levels as corrosion proceeds and 
protective films form. Corrosion can be wholly 
prevented by completely filling the gravel 
packing with cement grout or other sealing 
compounds. 


primary shield linings 
during construction 


In this section it will be shown that (a) a 
tunnel lining is uneconomical unless it is flex- 
ible; (b) a steel lining can be made as flexible 
as a rational design requires; and (c) the thick- 
ness of the elements of a cast-iron segmental 
lining cannot be reduced beyond a certain min- 
imum dictated by the manufacturing process 
— a minimum that is considerably greater than 
required by rational design. 


In order to design a primary tunnel lining 
in a rational manner, the designer must realize 
that it starts as a tool for making a hole in the 
ground. This tool is built into the ground piece 
by piece. As construction proceeds, the forces 
which act on the lining change. The primary 
lining, therefore, must be designed so that it is 
able to withstand all these forces at a mini- 
mum cost. At the same time, the competent 
designer will investigate and determine the 
reinforcement needed to adequately strength- 
en the primary lining to assume the functions 
of the permanent lining. 


The parts of a shield that affect the lining 
are the jacks that propel the shield and the tail 
in which the lining is erected. The jack pistons 
bear on the face of the lining. During a shove, 
the shield advances a distance equal to the 
width of one ring of lining. At the end of the 
shove, the jack pistons are retracted, leaving 
space for the erection of a new ning of lining in 
the tail of the shield. 


The shell of the shield is a steel cylinder 
reinforced toward the forward end by the inter- 
nal structure which keeps it round. The tail in 
which the lining is erected cannot be rein- 
forced. Sufficient strength must be built into 
the steel shell so that the tail will hold its circu- 
lar shape under abnormal earth loads aggra- 
vated by the high stresses imposed by angling 
the shield to change its direction. This strength 
can be obtained by constructing the shell of 
heavy plates. The thickness of the shell in- 
creases with the diameter. But for the same 
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diameter, it also increases with the length of 
the shield because of the greater intensity of 
the stresses caused by angling. The thickness 
is also influenced by the distance it has to lap 
the lining: 2-1/2 courses in the case of cast 
iron, 1-1/2 courses for a steel lining. 


In addition to the shell thickness, there 
must be annular clearance between the lining 
and the tail to permit the shield to be steered. 
This clearance is customarily 3/4-inch, but in 
cases where the plan of the tunnel includes 
short-radius curves, more clearance is neces- 


sary. 


In operation, ideal conditions exist when 
the lining is exactly centered in the tail of the 
shield and the clearance is uniform all around. 
The ideal is seldom attained for several rea- 
sons. Two of the most important are: (a) the 
axis of the shield rarely coincides with the axis 
of the lining, and (b) there is a marked tend- 
ency for the lining to settle down on the bottom 
of the tail. 


When the shield moves forward through 
the ground, it leaves in its wake an annular 
void ranging from a minimum equal to the 
thickness of the tail to a maximum of the tail’s 
thickness plus twice the clearance. In a large 
shield, this void could run from 3-1/2 to 5 
inches. These voids are the source of the most 
serious difficulties associated with the design 
and construction of shield tunnels. 


If the void produced by the advance of the 
shield is not filled as soon as it occurs, several 
things happen in the tunnel, as described 
below. Filling the void by any known method 
does not absolutely prevent such occurrences, 
but does reduce their intensity to tolerable pro- 
portions. To clarify, it will be assumed in this 
discussion that no attempt is made to fill the 
void, and that the tunnel is located in ground 
which must be mined ahead of the shield. 
Ground conditions of this type may be encoun- 
tered in sandy clay, sand and/or gravel, or 
any ground containing boulders. These condi- 
tions may also be discovered in ground in 
which a part or all of the face consists of medi- 
um or harder clay. 


At the end of a shove, the leading ring 
of the lining rests on the bottom of the shield, 
or on what is left of the wood spacer strips. At 
a point several rings back of the shield, the 
lining, which has settled under its own weight 
and the roof load, rests on the ground. The dif- 


ference in elevation is several inches (equal to 
the sum of the thickness of the tail and the 
width of the clearance). Between these two 
points, the lining is unsupported and acts asa 
hollow beam which carries its own weight plus 


the roof load, as indicated in Figure 18-5. 
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ing depicted in Figure 18-6 is highly exagger- 
ated.) The cross-section of the lining changes 
from a true circle to an imperfect ellipse, with 
its long axis horizontal and its short axis verti- 
cal. Even disregarding the unwelcomed effect 
of this distortion on the stresses in the lining, 
the problems of construction are seriously ag- 
gravated. Distortion is carried forward into 
the tail of the shield. If corrective measures are 
not taken, the lining bulges horizontally until 
it comes into contact with the tail of the shield. 
The leading ring is then oval-shaped instead of 
circular; and the length of the horizontal axis 
exceeds that of the vertical axis by 4 times the 
clearance, which, if it is a normal 3/4 inch, 
means a difference of 3 inches. It is exceeding- 
ly difficult if not impossible to erect a new ring, 
which is round, on the face of an oval ring, es- 
pecially when the lining is iron-bound. 


Original Position of 
Lining as Erected 
in Tail of Shield 


V A . 
Hole in Ground oid Unfilled 


Void Left by Shield 


Tail of Shield W 


Ground at Top Has 
“jy \r Come Down Rapidly 


Figure 18-5 Bridge Action of Lining 


If no steps are taken to fill the void created by the shield, 
the lining subsides until it meets the ground several rings 
back of the shield. Between the end of the shield and the 
point at which it firmly bears on the ground, the lining acts 
as a bridge. The earth above the tunnel moves down to 
rest on the lining, causing it to change shape. 


As it advances, the shield leaves a void 
all around the lining. This empty space extends 
above and on each side of the lining as well as 
beneath it. The earth above the lining several 
rings behind the shield subsides until it rests on 
the lining. In this type of ground this subsi- 
dence precedes the horizontal movement of the 
earth into the spaces at the sides of the lining 
and progresses at a much more rapid rate. This 
earth load acts on the lining while it is function- 
ing as a hollow beam. 


Sparing the reader details of the mechan- 
ics, the vertical force acting on this tubular 
bridge tends to squash it down vertically and to 
bulge it out sideways until the lining meets the 
earth at the sides. Since, in this hypothetical 
example, no steps have been taken to fill the 
void, maximum bulging will occur if the ground 
at the sides does not move in at all. The hori- 
zontal axis will be increased by twice the tail 
thickness plus twice the clearance. (The bulg- 
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Lining Bulges to 
Meet the Earth 


Ground at Sides Has 
Moved in Slowly 


Lining Subsides 


Lining Changes Shape from 


a Circle to an Imperfect Ellipse 


Note: Action is Shown Greatly Exaggerated 


Figure 18-6 Subsidence, Bulging, and 
Flattening if Void is not Filled 


With exaggeration, this figure shows the effect on the 
lining if the void left by the shield remains unfilled. The 
lining subsides until it rests on the ground at the bottom. 
The downcoming earth on top causes the lining to bulge 
until it meets the earth at the sides. The cross section 
changes from a circle to an imperfect ellipse. 
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For this and otherreasons cited throughout 
this book, voids are filled as soon as they are 
created (by blowing gravel through holes in 
the segments). Filling the void with gravel 
gives support to the bottom of the lining near 
the shield and reduces subsidence of the lining. 
When the ground load comes on the arch, 
bulging is largely prevented by the gravel at 
both sides of the lining. 


No matter how thoroughly the void is 
filled with gravel, or however stiff the lining 
is, bulging still occurs. To eliminate bulging 
entirely, gravel would have to be rammed uni- 
formly into the void with the tightness to pre- 
stress the lining. This would have to be done 
before the lining began to take load. Even 
though graveling is not completely effective in 
forestalling bulging, it will still prevent undue 
settlement of the ground above the tunnel. 


Because graveling does not eliminate lat- 
eral bulging, and because it is entirely too ex- 
pensive to provide a lining with the stiffness to 
resist bulging, common practice in shield tun- 


nels is to install a temporary horizontal ten-- 


sion member in each ring of lining. Properly 
placed, these stays will hold the horizontal 
diameter to the true dimension. Their primary 
usefulness is to facilitate the erection of new 
courses of lining in the tail of the shield. As 
stiff as cast-iron linings are, they do not avoid 
bulging. 


These stays also serve to underpin a floor 
from which the upper part of the tunnel lining 
can be reached to tighten bolts, manipulate 
gravel hose, and perform other work. If there 
were no stays, some other means of access 
would have to be devised. Therefore, any one 
stay is usually left in place until the shield has 
advanced 10 to 15 rings. By this time, gravel- 
ing, the retightening of bolts, and grouting 
probably have been completed; and the stay is 
removed for later use. The shape of the lining 
can be expected to change after the stays are 
gone. 


At this stage, the forces of tension across 
the diameter are replaced by external forces 
acting on the lining. The vertical forces of the 
ground load squash the tube, bulging it hori- 
zontally until it presses firmly against the 
ground at the sides of the tunnel. The resist- 
ance of that ground to being shoved aside, i.e., 
the passive resistance, then stops the bulging. 


The passive resistance of the earth sur- 
rounding the tunnel lining holds it in shape 
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once the ground and the lining are firmly in 
contact. All tunnel linings utilize the passive 
resistance of the ground at the sides as well as 
at the bottom of the tunnel. Concrete block 
tunnels, whatever their defects, have been 
built relying entirely on the passive resistance 
of the ground to hold their shape. 


The magnitude of bulging of linings de- 
pends on a number of factors: 


(a) There will be less bulging the more 
thoroughly the annular space around thelining 
is filled. Grouting the gravel at the highest 
pressure possible before removing the stays is 
beneficial. While it may be necessary to grout 
the gravel to stop air from leaking out ofa com- 
pressed-air tunnel, it is not worth the cost of 
grouting if it is only done to reduce distortion. 


(b) The percentage of movement that will 
have taken place before stays are removed in- 
creases with the speed with which ground 
moves toward the sides of the lining. 


(c) The longer the stays remain, the great- 
er the opportunity becomes for ground to close 
in. 


(d) The compressibility of the ground at 
the sides of the tunnel is of minor importance. 
The unit pressure of the lining against the 
ground will not exceed the unit pressure ex- 
isting in the ground before it was disturbed, 
unless graveling is done only in patches. De- 
flections, which often are erroneously attri- 
buted to compressibility, arise from four causes: 


1. Recompaction of ground that may have 
loosened itself in its movement toward the 
tunnel. 


2. Compaction of the gravel. 


3. Embedment of the outer layer of gravel 
into the ground. 


4. Localized and excessive embedment of 
gravel, i.e., where the gravel is in patches. 
Local patches of gravel may exert a pres- 
sure on the ground somewhat greater than 
existed before the tunnel was started. 


The significance of all these factors com- 
bined is generally minor. Even though gravel- 
ing may not be particularly thorough, the lin- 
ing should not bulge more than an inch or so 
on each side when the stay is removed. 


In ground that must be mined ahead ofthe 
shield, the crown of the tunnel lining subsides, 
and the sides bulge outward. The cross-section 
of the lining changes from a circle to an imper- 
fect ellipse. From the standpoint of tunnel di- 
mensions, the bulge has no real importance 
because it means only a little extra concrete. 
Subsidence of the crown has only minor impor- 
tance to the designer. Knowing that subsidence 
will occur, he can allow for it when dimension- 
ing the cross-section of the tunnel. 


Sinkage of the crown is a measure of the 
settlement of the ground surface above the 
tunnel, another reason why the graveling 
should be thorough. Lengthening the service 
period of stays does not lessen total subsidence. 
However, it does widen and flatten the settle- 
ment trough, which reduces settlement at any 
one point. Ground moving horizontally to meet 
the tunnel produces settlement away from the 
tunnel; ground moving vertically (downward) 
produces settlement directly above the tunnel. 
As the vertical movement lessens and the hori- 
zontal movement increases, the settlement 
trough becomes wider and shallower. 


The effects of deflection on the stresses in 
the lining can be of great consequence to the 
cost of the lining. 


The passage of a shield through very soft 
silt actually works the ground. For some time 
it behaves like a viscous fluid. This so-called 
fluid action is first noticed when blowing grav- 
el. Ground closes so swiftly that little or no 
gravel can be injected. In firmer ground, a vol- 
ume of gravel equaling the computed volume of 
the void usually can be introduced during a 
shove. In silt, ground closes in too quickly. The 
amount of gravel that can be inserted decreases 
in proportion to the fluidity of the worked 
ground. 


Because the liquid head is minimum at the 
top of the tunnel, increasing to maximum at 
the bottom, it is reasonable to expect that, after 
the lining emerges from the shield, the hori- 
zontal forces are greater than the vertical 
forces and that the lining will squeeze laterally 
and bulge vertically. 


stresses in and deflections of 
a primary steel lining 


Forces acting on a metal lining in a shield 
tunnel originate with two kinds of loading: 
jack thrust and earth load. 


Shield jacks act in the direction of the 
tunnel. They impose a compressive load cross- 
wise of the segment. The intensity of the jack 
load is maximum at the face of the newly in- 
stalled ring and theoretically diminishes to 
zero by dispersal to the ground some distance 
back from the shield. 


The earth load, plus the weight of the lin- 
ing, is an inward pressure on the lining which 
causes ring thrust around the lining. This pres- 
sure acts at right angles to the direction of the 
jack thrust. The earth load on the newly erected 
ring is zero because this ring is in the tail of the 
shield. After emerging from the shield, the 
earth load builds up. It increases after removal 
of compressed air. These two forces cause com- 
pressive stress in certain components of the lin- 
ing. They act at 90 degrees to each other in the 
skin plate and do affect each other to some ex- 
tent. However, since most of the jack pressure 
is resisted usually by added thrust members 
which also stiffen the skin plate, and the com- 
bined stresses are intermittent, this is usually 
disregarded. 


Superimposed on ring thrust is a third 
set of stresses — flexure stresses. They are 
caused by the bending of the ring as it bulges 
outward to bed itself against the ground. They 
also are a result of earth load. 


In ground that must be mined ahead ofthe 
shield, the vertical load develops first. At the 
crown of the tunnel where the lining flattens 
inward, flexure-compressive stress is induced 
in the outer elements of the lining, and flexure- 
tension stress in the inner elements. At the 
sides, where the lining bulges outward, the po- 
sition of these flexure stresses is reversed. 


Flexure compression adds to ring-thrust 
compression; flexure tension subtracts from 
this compression. Maximum stress may arise 
from jack thrust or from ring thrust, plus flex- 
ure. 


Because ring thrust acts uniformly over the 
cross-section of the segment, flexure stresses 
have the effect of unbalancing the distribution 
of stress over the cross-section. Because the 
segments are interchangeable, the thicknesses 
of steel in all segments are designed to accom- 
modate maximum fiber stress. This imbalance 
of stresses is a measure of inefficiency. By re- 
ducing the bending and the imbalancing ef- 
fects of flexure stresses, less metal is needed to 
carry the loads, hence there are economies to 
be gained. 
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hypothetical tunnel lining of 
maximum efficiency and 
economy of metal 


As an exercise, we will develop a lining 
from the ground up, starting with a perfectly 
efficient (though totally impractical) lining de- 
signed to carry only earth loads, and progress- 
ing by stages to practical linings designed to 
satisfy all requirements. 


The example is limited to tunnels driven 
through ground that must be mined ahead of 
the shield, i.e., sand and/or gravel mixtures, 
medium and harder clay, etc. 


Hypothetically, the most efficient tunnel 
lining is a tube of steel plate. The plate would 
be of a thickness that the cross-sectional area 
of steel per foot of tunnel multiplied by the 
allowable fiber stress would equal the over- 
burden weight per foot. 


stage one, earth load only 


To establish some concept of the thickness 
of the steel required to support the earth load 
under perfect conditions, it is assumed that a 
tunnel with an outside diameter of 25 feet is 
50 feet deep to the spring line in a sand-clay 
ground which weighs 120 lbs. per cu. ft. 


The overburden weight per foot is, for both 
sides 


25 x 50 x 120 = 150,000 lbs. 


The ring thrust per side per inch of tunnel 

is 
150,000 
2212 


If the allowable fiber stress is 20,000 psi, 
the plate thickness is 


= 6,250 lbs. 





6,250 
20,000 


A 30-inch ring of this plate weighs 2500 
pounds. Accepting this as 100 percent efficient 
for a permanent lining, efficiencies at each 
stage will be given in percentages relating to 
this weight. 


= 0.3125 inches or 5/16 inch. 


If the lining is to be a constructional lining, 
fiber stress is generally allowed to reach 24,000 
psi because the structure is temporary. In this 
case, the thickness is 

6,250 


24,000 ~ 0.260 inches or 1/4 inch 
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The weight of a 30-inch ring is 2080 
pounds, which is considered 100 percent effi- 
cient for a constructional lining. 


If this lining could have full and firm con- 
tact with the surrounding ground, it would not 
change shape. The only stress in it would be 
ring compression. It is a flexible lining having 
practically no stiffness against bending. 


As to building a lining of thin plate, it could 
be done with a shield sustaining the ground 
while the lining is being assembled. It would be 
divided into rings, and the rings into segments. 
As each segment is erected in the tail of the 
shield, it would be welded to the leading edge 
of the completed lining and to the ends of the 
adjacent segments in the ring. 


Because the lining has to bear the brunt 
of the jack thrust from the shield, additional 
thickness of metal may be necessary. This 
added metal reduces efficiency, a loss which is 
chargeable to the method of driving the tunnel. 
In order to estimate the amount of metal that 
may have to be added, it is first necessary to 
know how the jacks apply their loads and how 
these loads are dissipated. 


The perimeter of the shield is literally filled 
with jacks. They are as close together as possi- 
ble and still leave room for servicing, or about 
one jack per foot of diameter. Each jack is 
equipped with a heavy shoe which extends cir- 
cumferentially until it meets the shoe of the 
adjacent jacks. These shoes thus form a seg- 
mental jack ring. The outer surface of the jack 
shoes slides against the inner surface of the 
tail. The face of each jack shoe covers the jack 
steel, whether the lining is centered or not. The 
jack shoe is attached to the jack foot by a 
swivel connection which permits slight angu- 
larity between shoe and jack in any direction. 
This ensures that the thrust is spread uniformly 
over the whole area of the lining in contact 
with the shoe, regardless of any angularity be- 
tween the shield and the lining. 


In shoving, either of two methods may be 
employed. One involves using only part of the 
jacks, adding jacks at suitable points to steer 
the shield. The other entails pushing with all 
the jacks, varying pressure as needed, and pull- 
ing off jacks to control direction. The thrust 
from a jack is at its greatest intensity at the 
leading edge of the newly erected ring. The 
thrust pattern spreads circumferentially as it 
extends back through the lining, and the stress 


intensity diminishes. However, other jacks are 
sending their thrusts back, also. These thrust 
patterns overlap and add to one another so that 
itis necessary to provide for the full intensity of 
jack thrust at all points. 


This thrust remains at maximum intensity 
until the ground begins to absorb it through 
friction on the lining. It diminishes to zero at 
some distance back of the shield, depending on 
(a) the speed with which the ground closes and, 
(b) the frictional resistance of the ground on 
the lining. It is unlikely to disappear within a 
distance shorter than 300 to 500 feet. 


In the tail of the shield, no earth load acts 
on the lining; but an earth load does begin to 
build soon after the shield moves on. It increases 
with time to a construction load which cannot 
exceed the weight of the overburden minus the 
uplift of the air pressure. After release of the 
air pressure, in time it increases again to the 
ultimate load, which does not exceed the full 
weight of the overburden plus live load. 


As said, it may be necessary to thicken the 
plate used in this hypothetical lining to accom- 
modate jack thrust. In computing the thick- 
ness, a higher fiber stress is permissible since 
the jack load is only a temporary one. 


stage two, earth load and jack thrust 


The shield for this 25-foot tunnel probably 
would have 24 jacks, each of 10-inch diameter. 
In sand-clay, the operating pressure of the hy- 
draulic system providing force to the jacks 
probably would be no higher than 3500 psi. 
The force exerted by one jack is 


3500 x 3.1416 x 10 x 10 x 1/4 = 274,890 lbs. 


The jack force is distributed over 1/24 of 
the perimeter of the lining. The force per inch 
of circumference is 


274,890 


1724425 aaie ~ 7900 Me. 


The thickness of plate necessary to carry 
this at 24,000 psi fiber stress is 


7,000 
24,000 
Since this is less than the 0.3125-inch 
thickness of the permanent lining, the skin is 
ample, i.e., adequate for the jack thrust. 


= 0.290 inches 





ring stress S, during shoving under full design 
load stress of 


= 27,460 psi 


. 7,000 
20,000 psı = 20,000 + 03125x 3 


However, because this is a momentary stress, 
and is within the elastic limit, this should be 
acceptable. 


The thickness of the construction lining 
computed at Stage One is 0.260 of an inch. It 
must be increased to 0.290. Its efficiency is 


er = 90%. Here, the stress from ring 
thrust decreases from 24,000 psi to 

24,000 x .260 _ 

TO = 21,520 pst, 


and total stress during the shove, per Poisson’s 
Ratio equals 


7,000 


21,520 + T290 x 3 


= 21,520 + 8,050 = 29,570 psi 
Because it is also a momentary load within the 
elastic limit, it should be acceptable. 


Full and firm contact with the ground at 
the time of installation is practically nonexis- 
tent. Upon removal of restraints, the earth load 
on top of this hypothetical lining flattens it and 
bulges its sides until they become firmly em- 
bedded against the ground. Now the circle has 
become an ellipse. Yet it continues to carry the 
earth load. Because it has almost no stiffness, 
practically the only stress in it is ring-thrust 
compression. However, the ring thrust has in- 
creased to be equal to the ring thrust of a tun- 
nel whose radius is equal to the radius of the 
flattest portion of this new, elliptical shape. 
Since the maximum allowable fiber stress was 
used to compute the thickness of lining in Stage 
Two, it is necessary to recompute the required 
thickness and theoretically add more metal. 
While added metal reduces efficiency, this 
cannot be avoided. 


stage three, increase in stress 
due to limited bulging 


In this 25-foot tunnel, it will be assumed 
that the lining will bulge 2 inches on each side. 
The lining assumes the shape of an imperfect 
ellipse whose horizontal axis becomes 25 feet 
4 inches, and whose vertical axis becomes 24 
feet 8 inches. The maximum radius is approxi- 
mately 12 feet 8-5/8 inches. 


Where the unit load remains constant and 


According to Poisson’s Ratio, the momentary the lining changes shape, the thrust at any 
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point on the ring becomes equal to that of a cir- 
cular tunnel with a diameter equal to twice the 
largest radius of the elliptical lining. 


By ratio and proportion, the ring thrust be- 
comes 


2 x 12 ft. — 8-5/8 in._ 6 360 Ib 
oma Ti SR 
This is an increase of only 1.3 percent, 
which will be overlooked in succeeding stages. 


This hypothetical lining is not practical 
despite the fact that it uses a minimum of 
metal because: 


(a) Time and labor required to erect and 
weld a ring are intolerable. Compared with 
more orthodox, though less efficient linings, 
cost of labor alone far exceeds the savings in 
metal. 


(b) Field welding, i.e., under conditions in 
the tail of the shield, would not be watertight. 


To make construction of this lining prac- 
tical, the segments must include side and end 
flanges so they can be quickly bolted together. 
Moreover, these side flanges must stiffen the 
segments so that they can be shipped, stored, 
transported into the tunnel, and erected with- 
out losing their shape. 


The hypothetical lining now has acquired 
a degree of stiffness against bending as well as 
a noticeable section modulus. 


Properly attached to the skin metal, side 
flanges help the skin plate resist ring thrust 
which acts uniformly over the entire cross- 
section of the segment. If there were no other 
factors, thickness of the skin plate could be 
reduced. For one thing, however, it cannot be 
reduced below that which is necessary to resist 
jack thrust. Another factor is flexure, which 
tends to require thicker skin metal. 


Perfect construction conditions are never 
attained. For practical purposes, stays are used 
to hold the lining round. When they are dis- 
mantled there is distortion of the ring, causing 
the circle to become an ellipse. The lining seg- 
ments are bent; these segments now have stiff- 
ness; and a third set of stresses has been added 
— flexure stress. 


At the top and bottom of the tunnel, where 
flattening occurs, flexure compression is pres- 


ent in the outer part of the segment, which is 
the skin plate. This adds to ring compression. 
The skin now may have to be thickened to com- 
pensate for this new stress. 


Flexure stresses are reversed at the sides 
of the tunnel. Flexure tension subtracts from 
ring thrust compression in the skin plate. It 
adds to ring thrust compression in the inner 
portion of the flanges. The inner fibers of the 
flanges are quite liable to be stressed beyond 
the elastic limit, in which case they will shorten 
slightly (in plastic flow) until the stress recedes 
to the elastic limit stress. The flanges are nota 
vital part of the structure and, if they take a 
permanent set, they still will carry ring thrust 
to the elastic limit stress. Such overstressing is 
permissible, therefore, no metal is added to the 
flanges. 


The critical points around the ring are the 
top and bottom. To minimize the amount of 
metal added to equalize flexure, special seg- 
ments of thicker plates can be made for the top 
and bottom. While increasing the skin plate 
only where it is needed minimizes any increase 
in the total weight of the ring, the idea is not 
practical. For one thing, there is every chance 
that these special segments would be wrongly 
positioned in the ring. All segments must be 
interchangeable and identical to insure speed 
of construction and economy of labor. There- 
fore, all segments in the ring must have thicker 
skin plates. 


The lining developed in Stage Two has suf- 
ficient metal to carry earth and jack loads. 
Stiffeners introduced in the form of flanges to 
compensate for flexure stress must be regarded 
as the price of practicability. 


Since most engineers are accustomed to 
design problems in above-ground structures, 
the difference between them and design prob- 
lems in tunnels should be mentioned.’ 


An above-ground structure — such as a 
building — is supported by the ground only on 
one side, the bottom. Foundations resting on 
the ground are constructed so that the weight 
of the building and its contents is distributed 
over a certain area of footing. The criterion is 
that the unit pressure exerted by the founda- 
tions on the ground must not exceed the unit 
passive resistance of the ground. This passive 
resistance is called bearing value. 


A tunnel lining must be viewed as a sur- 
rounded structure. Like a building, it is sup- 
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ported by the ground at its bottom. Unlike a 
building, it has potential footings at both sides 
and even atthe top. A tunnel lining may be said 
to have potential footings anywhere on its pe- 
riphery. These potential footings automatically 
become real footings when needed. In order to 
bring these footings into service, the load from 
above bulges the lining at the sides until the 
ground stops the bulging. The lining then has 
footings at the bottom and the sides. 


Another point of difference is that the unit 
pressure exerted against the ground by a cir- 
cular lining can never exceed the unit pressure 
existing in the ground before it was disturbed. 
Because the unit passive resistance of the 
ground (unless it is fluid ground) always ex- 
ceeds the original unit pressure existing in the 
ground, a circular tunnel lining can never over- 
load its footings. 


A building is usually constructed of hori- 
zontal members (floor beams and girders) to 
receive vertical loads and transmit them to ver- 
tical members (columns). Consider a simple 
beam. It is supported at each end and car- 
ries its load to the ends by its resistance to 
bending (stiffness). The designer estimates the 
load, computes the bending moment, and se- 
lects a beam which has the proper stiffness 
to keep the fiber stress (caused by bending ac- 
tion) within the allowable limit. He then checks 
the beam for deflection. If it exceeds a tolerable 
limit, he must select a beam with more stiff- 
ness. The designer has control of deflection. 


In the case of a primary tunnel lining, the 
designer has no control over deflection (bulg- 
ing and flattening). Workmanship of construc- 
tion crews, however, has a key effect. Even 
with the best, some deflection is necessary be- 
cause the lining must bulge in order to develop 
its footings. Deflection is independent of load 
inasmuch as there is always an ample load to 
cause the lining to bulge. When the ground 
halts deflection, any increase in load there- 
after rarely increases deflection, and then only 
insignificantly. 


A segment of a tunnel lining is acted upon 
by ring thrust which causes compression stress. 
If the segment has any stiffness, it also has 
flexure, which originates with the bending 
caused by inevitable bulging. Resistance to 
ring thrust is the useful attribute of a segment. 
Any flexure stress present deducts from the 
capacity of a given segment to resist ring 
thrust. If figures indicate that the segment 


215 


already has been loaded to capacity, its capacity 
must be increased to cover the loss caused by 
flexure. 


The effect of stiffness on flexure stress is no 
different underground than it is above ground. 


Consider, for example, the case of a simple 
I-beam supported on a pier at each end and 
acted upon by a uniformly distributed load. 
Maximum stress, which is flexure stress, and 
maximum deflection both occur at the center. 
Both stress and deflection increase directly as 
the load increases. 


To illustrate, the equations and symbols 
are: 


ff = fiber stress, either flexure compression 
or flexure tension, resulting from bending, 
in lbs. per sq. in. 

D = deflection in inches. : 

W = total load on the beam in pounds. 

L = span in inches. 

E = modulus of elasticity of steel, 29 x 106 
I = moment of inertia of the I-beam about 
its major axis. 

y = distance from neutral axis to extreme 
fiber in inches. For a symmetrical profile 
such as an I-beam, it is 1/2 the depth of 
the beam. 

S = section modulus of the beam. 


5 W L° 
384 E 1 


WL 


25 and D = 


(18-1 & 18-2) 





ff = 


Since the load W appears in the numerator 
of both equations, both flexure stress ff and 
deflection D are directly proportional to W. 


By eliminating W from both equations, the 
relationship between the other factors becomes 
apparent. The deflection equation can be re- 
written as 


(18-3) 
Substituting for W in the stress equation 


48 DE 
5 L? 


384 DEIL 
§x8L3 S 





x (18-4) 


- 3 

From this it is evident that stress varies 
directly with deflection: the greater the de- 
flection, the higher the flexure stress. It is also 
seen that the load W has nothing to do with the 
stress, always assuming that there is a force 
acting which is sufficient to produce the de- 
flection. This is the case in a tunnel. 








As an exercise, assume that an unlimited 
load is available and that the deflection is 
limited to a certain fixed value by erecting a 
pier in the middle to support the beam when it 
has deflected the prescribed distance. Assume 
that different I-beams are to be investigated 


I S 
8-in. I at 18.4 lbs./ft. 97.6 14.4 
at 23 lbs. /ft. 64.9 16.2 
6-in. J at 12.5 lbs./ft. 22.1 7.37 
at 17.25 lbs./ft. 26.3 8.77 


Substituting values of J and S in Equation 
(18-4) the stress becomes 














6" I @ 125 f = 31 BPF 
@1725 f = 3r LTF 
8” I @ 18.4 pasa EDE 
@ 23 f = 4r EPE 


The stress is a third higher in the 8-inch 
beams than in the 6-inch beams for the same 
deflection. Note that the section modulus of 
the 8-inch beam is about double that of the 
6-inch. 


The numbers 3 and 4 are equal to the dis- 
tance from the neutral axis to the extreme 
fiber in each case, equal to the symbol y. 


Since by definition s=5, which may be 


written ya the fraction-/ in the Equation 


(18-4) can be replaced by y, and the equation 
rewritten to read 


48 DE 


ff = yx RER (18-5) 


and therefore, the stress for a given deflec- 
tion increases as y increases. 


In symmetrical profiles such as I-beams, 
high values of y are associated with high 


values of I and Sand ofS. The deeper the beam, 


the bigger are y, J, and S. Thus, for a given de- 
flection, the flexure stress ff increases with 
the stiffness or the section modulus, which is a 
measure of stiffness. 


The hypothetical thin-plate lining can 
bulge to meet the ground with practically no 
flexure stresses present, since it has very little 
stiffness. The semi-practical lining (with 
flanges) will bulge the same amount, for it 
also has comparatively little stiffness. Because 
it has some stiffness, this lining does not press 
against the ground at the sides quite so hard as 
the thin-plate lining. Yet it has bulged just as 
far; the deflection is just as great. 
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Increasing the stiffness of the lining does 
not, at first, reduce the deflection. It merely 
reduces the pressure of the lining on the ground 
at the sides. Less passive resistance is sum- 
moned. As stiffness increases, a critical point 
is reached at which the lining bulges the same 
amount to meet the ground but does not put 
any pressure on the ground. Further increases 
of stiffness beyond the critical point reduce the 
deflection or bulging. 


In tunnel linings with the same deflection, 
flexure stress varies with stiffness. The equa- 
tion for flexure stress in an elastic ring is quite 
similar to the beam equation. The symbols are 
the same, with new ones added: 


r = radius of the outside of the tunnel lining 
in feet before the deflection occurred. 

d = the movement or deflection (flattening) 
of the lining (in inches) at the crown 
toward the axis of the tunnel when the load 
is applied. It is also the movement away 
from the center of the tunnel at the spring 
line (bulging). 


dE 
i = le 722 


(18-6) 

The same conclusion holds, i.e., the flexure 
stress increases or decreases as y changes. 
High values of y are associated with high 
values of S and J, and lead to high flexure 
stresses. 


Because steel used to offset the effect of 
flexure stress serves no useful purpose in car- 
rying the earth load, it should be the aim ofthe 
designer to minimize loss of efficiency by keep- 
ing y to the minimum consistent with practical 
requirements. 


Before the flanges were added, the metal 
in the skin plate was stressed to the allowable 
limit by ring thrust or jack thrust. The side 
flanges help the skin take the ring thrust, per- 
mitting the skin plate to be reduced to a thick- 
ness that will handle the jack load. To compen- 
sate for added flexure compression (because of 
stiffness), it is necessary to increase the metal. 
The position of this extra metal is of major im- 
portance. When it is added to the skin plate it 
actually decreases y toward the skin plate; 
at the same time, this metal is in the most ad- 
vantageous location to resist flexure compres- 
sion when the segment is at the top or bottom 
of the tunnel. In addition, it reduces the jack 
compression stress. 





stage four, flanged segment 


The segment as developed in Stages One 
and Two has a 5/16-inch (.3125) skin plate. 


Applying the formula for flexure compres- 
sive stress in the outer fibers at the crown 


_ (29 x 10°) x 0.615 x 2 


if = 48 x 12.52 = 8,100 pei 


Assuming 30-inch rings, 1/2 in. x. 4 in. 
flanges, .3125-inch skin, the ring thrust is 


6,250 x 30 


ft = 120625. 7 15,544 psi 


The combined circumferential compression 
stress is the sum of these two stresses, f = 
20,300 psi, which is satisfactory for a perma- 
nent lining. The aid derived from side flanges 
in carrying the ring thrust approximates the 
flexure stress induced by these flanges. 


stress from jack thrust 


7,000 


fj = 0.3125 = 22,460 pst 


Because jack thrust is a temporary force, 
the allowable stress is 24,000 psi; and so the 
segment is satisfactory in this respect, also. 


In considering the addition of flanges to 
the constructional lining developed in Stage 
Two (with the skin plate 0.290 inches thick), 
the following characteristics and stresses have 
been determined: 


Sectional area A = 11.41 sq. in. 
Ring thrust stress ft = 16,433 psi 
Flexure compression stress ff = 4,895 psi 
Combined circumferential f = 21,328 psi 
stress 

Jack thrust stress fi = 24,140 psi 


Although the segment is not loaded to full 
capacity circumferentially, there is a negligible 
amount of load beyond the allowable limit 
exerted by jacks. Therefore the skin plate can- 
not be reduced in thickness. 


Other data regarding these two linings 
follow: 


Permanent Construction 


Weight per ring 3800 lbs. 3570 lbs. 
(neglecting bolts 

and nuts) 

Efficiency rating 66% 58% 
Section modulus 

per foot extrados 8.490 8.210 


The lining thus far developed — Stage Four 
— may be called a semi-practical lining. Al- 
though it satisfies certain requirements of the 
construction crew, it still needs some modi- 
fication to make it a truly acceptable lining. 
In its present form, segments compose a skin 
plate with four flanges projecting inwardly 
around its edges. The whole segment is curved 
lengthwise to the radius of the lining. Thick- 
ness of the skin plate is adequate to take the 
combined computed compressive thrust of the 
shield jacks, the earth loads, and the flexure. 


The flanges are sufficiently wide to install 
the bolts with proper clearance for socket 
wrenches. Their width and thickness, together 
with the skin plate, provide the stiffness de- 
sired for handling and erection. 


This lining would be quite satisfactory if 
the gravel packing could be installed uniform- 
ly and ifthe lining did not have to be watertight. 


When gravel is blown behind the lining 
there is no assurance that it will not be patchy. 
More probably, it will be more dense in some 
spots than in others, especially at the top and 
bottom of the tunnel. This means that as the 
ground presses against the lining, or as the 
lining presses down or out against the 
ground, some portions of the skin are sub- 
jected to more radial pressure than others. 


In soft ground, the difference is insigni- 
ficant because the ground easily deforms. In 
stiffer ground, which does not displace so easily, 
pressure exerted through a patch of tight grav- 
el can be substantially greater than pressure 
exerted through looser gravel. The possibility 
exists that the skin plate can be overloaded 
locally to an extent thatit would deflect inward. 
If this were to occur, the skin plate would not 
be able to take the ring thrust and flexure, and 
its capacity to take jack thrust would be im- 
paired. 


Several ways to prevent this local deforma- 
tion are presented below. 


Grouting the gravel packing before dis- 
assembling a stay is an effective means to in- 
sure uniform contact between ground and lin- 
ing. This benefit accrues at no extra expense if 
grouting is required to eliminate air leakage. 


In grouting the gravel behind the skin 
plate, pressure must be carefully controlled or 
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the grout pressure itself will cause local, in- 
ward buckling of the skin plate — an effect 
grouting is supposed to prevent in the first 
place. 


Corrugating or otherwise offsetting the 
skin plate would be effective if this plate did 
not have to absorb jack thrust. It would require 
no additional metal, and the increase in fabri- 
cating cost would be slight. But as long as the 
skin must take jack thrust, this method is ruled 
out since the lining would crumple longitudinal 
to the tunnel. 


Additional thickness could be given to the 
skin for about the cost of the metal. By the time 
the compressed air is disemployed, the ground 
has reconsolidated and local concentrations of 
radial loads have smoothed out. So this extra 
metal would add materially to the safety fac- 
tor of the permanent structure. 


The solution most often used in steel lin- 
ingsistheinstallation oftransverse members — 
jack steel — between the side flanges of the 
segments. Tee bars, small I-beams, small rail 
sections, and angles have been used for this 
purpose. These are attached to the skin plate 
by intermittent welds and are also welded to 
the side flanges. 


Stiffeners are spaced to be symmetrical in 
the segment, so that the segments are revers- 
ible and interchangeable. In this way, these 
stiffeners form continuous lines of jack steel. 
The end flanges of segments make up some of 


these lines. Spacing is generally arranged to pro- 


vide three lines of stiffeners opposite each jack 
shoe. 


Stiffeners have proven effective in all 
steel linings installed to date. No case of skin 
plate buckling has been observed. Undoubted- 
ly, stiffeners help skin plate to take the jack 
thrust. It is considered improbable that, in 
most cases, buckling would have occurred had 
the stiffeners been eliminated and the skin 
plate properly proportioned. 


Metal in stiffeners is of only temporary 
benefit at best. Stiffeners help the skin plate 
take the jack thrust until it is dispersed into 
the ground. For a short time after the stay is 
removed, the stiffeners prevent the skin plate 
from buckling as a result of localized inequali- 
ties in the gravel packing. They add little or 
nothing to the permanent structure. But they 
help transmit thrust across the skin, which is 
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often too thin to be effective across the entire 
width. 


Precautions should be taken against the 
effect of patchy gravel. Some allowance should 
be made, also, for higher flexure stresses than 
those computed since the amount of skin plate 
acting with the flanges to resist bending cannot 
be determined accurately. As the portion of 
skin plate acting with the flanges decreases, 
the value of y and the flexure compression in 
that portion of the skin increase commensu- 


rately. 


Adding more metal to the skin plate and 
eliminating the jack members would not in- 
crease the cost of the segment; this plate would 
be thick enough without the stiffeners. How- 
ever, the metal added would materially lower 
all stresses and enhance the safety factor of the 
completed structure. 


stage five, heavy skin plate 


In Stages Two and Four it was pointed out 
that the thickness of the skin plate had to be 
0.290 inches in order to take the jack thrust. It 
has appeared in some cases that the cost of 
fabricating stiffeners was about 60 percent of 
the cost of metal required to resist all jack 
thrust. Costing no more than segments with 
stiffeners, skin plate in a segment without stiff- 
eners could be increased by 0.60 x .290 or 0.174 
inches. The skin would be 0.290 plus 0.174, or 
0.464 inches thick. 


The characteristics of a segment with a 
0.464-inch skin plate are as follows: 


Sectional area A = 16.456 sq. in. 


y = .554 in. 
Ring thrust stress ft = 11,394 psi 
Flexure stress fy = 4,284 psi 
Combined circumferential 
stress f = 15,678 psi 
Jack thrust stress f; = 15,086 psi 
Weight per ring = 4,900 lbs. 
Efficiency as a 
permanent lining = 51% 
Efficiency as a 
constructional lining = 42% 
Section modulus per 
foot, extrados = 9.56 in.? 


The hypothetical lining now has been de- 
veloped into a practical primary lining. Ample 
provision has been made for jack thrust, earth 
loads and flexure stresses, and patchy gravel 


among other factors (including safety if used 
as a permanent lining). This lining is limited to 
a tunnel that is not required to be watertight. 
It is a satisfactory constructional lining in any 
type of ground, and a good permanent lining 
in dry ground. 


Making a tunnel lining watertight — 
whether it is made of steel, cast iron, or con- 
crete — always has been a problem. Lead caulk- 
ing in machined grooves never has been entire- 
ly satisfactory. Even with recaulking, leakage 
does occur and measures are taken to collect 
and pump accumulated water out of the tunnel. 


Precast concrete segments are the most 
difficult to make watertight. Various methods, 
including membranes, have been tried with 
limited success. These methods are slow, their 
costs very high, and their results questionable. 


A waterproofing technique has been de- 
veloped that is applicable to any of the linings 
being used — cast iron, steel, or precast con- 
crete. Waterproofing material is applied to the 
mating flanges as a gasket of nominal thick- 
ness. When segments are bolted together a 
water stop is formed circumferentially and 
longitudinally. Material can be applied in shop 
or field, although shop application is preferred. 
Segments can be handled with existing equip- 
ment in the hands of reasonably skilled work- 
men. The lining can be a constructional or a 
permanent lining. No increase in flange mate- 
rial thickness is required (as may be for caulk- 
ing grooves), resulting in a more economical 
and efficient design. 


The primary lining developed at this point 
is now a practical, permanent lining quite dif- 
ferent from the original, hypothetically effici- 
ent thin-plate lining. Its form satisfies the erec- 
tion requirements and the lining itself can be 
made watertight. Allowance has been made 
for the effects of both deflection and imperfect 
backpacking. For design purposes, it is still a 
flexible metal lining. 


The critical moment in the erection of a 
primary metal lining occurs when the stays are 
removed. When the restraint of the stays is 
gone, the lining must bulge until it beds itself 
against the ground. The tunnel is still under 
compressed air, which exerts an uplift on the 
ground. The lining is not carrying its full load. 


During the time between removal of the 
stays and the air, which may be a matter of 
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weeks or months, the lining will have deformed 
slightly until it is firmly embedded against the 
ground. After the compressed air is removed, 
the external load begins to increase to its maxi- 
mum. This additional load on the lining merely 
increases the ring thrust. The lining puts more 
pressure on the ground at the sides and bottom. 
Since the passive resistance of the ground is 
much greater than the maximum pressure 
which the vertical loads can cause the lining 
to exert, no further bulging occurs. 


After air removal, pore water returns to 
the ground surrounding the tunnel. The lining 
is now subjected to water pressure which acts 
radially inward on the lining. Below the region 
of the spring line, the pressure of the lining 
against the ground is reduced by the amount of 
this inward, hydrostatic pressure. Less passive 
resistance is used. Above the spring line, some 
additional load comes on the lining, which 
simply induces greater ring thrust. 


There is no further bulging and, therefore, 
no increase in the flexure stresses. There is a 
slight shortening of the periphery of the lining 
due to elastic compression of the steel caused 
by increase in the ring thrust. This may be ig- 
nored in a 25-foot O.D. tunnel. The periphery 
would shorten less than 3/16 inch for a 5000 
psi increase. 


shield tunnel in very soft ground 


In soft clay, soft silt, muck, or other very 
soft plastic materials, it is possible to ad- 
vance the shield by displacement. Instead of 
mining ahead of the shield diaphragm, ports 
in the diaphragm extrude the soft clay or silt 
into the tunnel as the shield is advanced. 


These ports are adjustable in size. When 
the shield is shoved, any percentage of muck 
desired can be accepted through the ports and 
the rest shoved aside. Where heave is not a fac- 
tor, the shield can be shoved blind. The only 
muck taken in is that which is required to assist 
in steering the shield. Although heave would 
disturb ‘other structures, the aim of the driving 
crew is to shove with just enough heave to com- 
pensate for the settlement that is bound to fol- 
low in the wake of the shield. 


The effect of displacement from shoving 
in such soft ground is to work the ground me- 
chanically. Silt and muck are temporarily con- 
verted into a fluid. Clay occasionally exhibits 
strange phenomena doubtlessly due to the lon- 
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gitudinal stretching of,the layers contiguous to 
the shield by friction forces between the clay 
and the shield skin. However, the major reac- 
tion of clay on the lining is similar to that ofa 
fluid. 


In soft, worked ground, the sides close 
about as fast as the load descends from the top. 
The total horizontal active pressure of a fluid 
is greater than the total downward load. There- 
fore, without stays, the lining bulges upward at 
the crown instead of outward at the sides. The 
horizontal stays then must act as compression 
struts. If stays are removed within a day or two 
after the shield passes, the lining bulges verti- 
cally. Its magnitude is not dependent on a 
thorough job of graveling. For some time after 
the stays are disassembled, bulging increases 
to a maximum, and then decreases as time 
passes and as the ground reconsolidates, re- 
covering whatever passive resistance or shear 
values it originally had. The crown usually sub- 
sides to approximately its original position. 
Prolonging the stay service period decreases 
the magnitude of the bulging. 


The effect of external forces on the pri- 
mary lining is no different than their effect in 
firmer ground, except that the maximum com- 
pression stress in the skin plate is at or near the 
horizontal axis rather than at the crown. Ina 
lining with aminimum of stiffness, the service 
period of the compression stays should be of a 
duration to limit the bulging at their removal 
to tolerable values. As the ground reconsoli- 
dates, the lining almost returns to its circular 
shape, and the flexure stresses recede to nomi- 
nal proportions. They do not remain in the lin- 
ing throughout its life. No allowance need be 
made in skin plate thickness for patchy gravel; 
the ground is too plastic to impose important 
loads locally concentrated. Allowance should 
be given to flexure stresses which are in fact 
higher than those computed because not all of 
the skin plate acts in conjunction with the 
flange to resist bending. As the skin plate thins, 
so does that portion which can act with the 
flanges. 


Soft ground with the consistency to always 
act as a liquid is called liquid ground. It re- 
quires a lining with considerable stiffness. 


If a tunnel is to be driven through liquid 
ground, the builder should expect, among 
other things, the following: 


Buoyancy trouble. Generally, any primary 
lining is, in itself, much lighter than the weight 


of the ground it displaces. In liquid ground, it 
is assumed that, during driving, the tunnel 
will tend to float. The remedy is to admit and 
retain enough muck so that the combined 
weight is equal to the weight of the muck dis- 
placed. After the ground settles, the muck can 
be removed and the tunnel lined with concrete. 


Diving shield. It is very difficult to de- 
sign a shield with the strength to do its job and 
yet weigh no more than the muck it displaces. 
If it is heavier, it tends to dive. 


Stiff lining. Liquid ground cannot have 
any passive resistance; thus the primary lining 
must be sufficiently stiff to retain its shape 
within tolerable limits without the aid of pas- 
sive resistance after withdrawing the stays. In- 
stead of bulging horizontally, the lining bulges 
vertically and flattens horizontally in liquid 
ground. 


Foundations and anchors. If the ground 
acts as a liquid perpetually, it never possessed 
and never will possess any substantial passive 
resistance. A prerequisite for tunnel construc- 
tion in liquid ground is that the weight of the 
tunnel must equal exactly the weight of the 
ground it displaces at all times, i.e., during and 
after construction. 


It is doubtful whether an exact balance be- 
tween the weight of a tunnel structure and the 


weight of muck displaced could be computed. 
It is also doubtful whether a structure could be 
built to the exact figures. Therefore, there is a 
variation in the live load, especially in railroad 
or vehicular tunnels. If the tunnel is given con- 
siderable buoyancy, it must be anchored. On 
the other hand, if it is heavier than the muck 
displaced, piers must be sunk for footings to 
prevent settlement. The very nature of liquid 
ground makes the cost of anchors or piers 
enormous. Other means of crossing generally 
prove more economical. 


Hudson River silt is sometimes considered 
liquid ground, but this is not true. When dis- 
turbed by the shield, it exhibits liquid charac- 
teristics. Despite a heavy, cast-iron lining, the 
large-bore Holland Tunnel lining started to 
float toward the surface until the idea of leav- 
ing in the muck as ballast was tried. The 
shields showed a persistent tendency to dive. 
The lining bulged vertically despite its stiff- 
ness. 


After the shield had moved forward a re- 
spectable distance, the lining subsided until it 
was again practically round. The silt had re- 
covered a considerable degree of passive re- 
sistance. The finished structure is buoyant, yet 
it does not rise. It is held in place by the passive 
resistance of the silt above the tunnel. 
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Chapter 19 
Shafts and Caissons 


Previous chapters dealt with driving hori- 
zontal tunnels through various kinds of earth 
with steel supports. Access to these tunnels 
was not mentioned. In contrast to rock tunnels, 
which are usually driven through hills or ridges 
from portals, earth tunnels are almost always 
driven from shafts reaching from the surface of 
the ground to the bottom of the tunnel. The 
reason is that most earth tunnels are located in 
or close to cities, and they, in turn, are mostly 
built on valley floors or flat shores. 


In cities built on unconsolidated ground, 
shaft sinking methods are also used in founda- 
tion work where the weight of tall and heavy 
buildings is transferred onto a layer of hardpan 
or bedrock located at some depth below the 
surface. After the shaft is excavated to what- 
ever depth is specified, it is filled with rein- 
forced concrete to form a cylindrical pier. One 
pier is installed under every column of the 
building. Foundations of this kind are known 
as caisson foundations. Various methods such 
as the Chicago or the Gow method have been 
developed for sinking these shafts. Butin many 
kinds of ground, the cheapest method of sink- 
ing shafts makes use of liner plates. 


This chapter explains various methods of 
constructing shafts. 


purpose, size, and location of shafts 
construction shafts 


Tunnel shafts are constructed almost 
always to gain access to the tunnel for its con- 
struction. When the tunnel is completed, the 
lining of the shaft is salvaged and the hole 
filled. In some cases, the most advantageous 
site for a shaft coincides with the location of a 
structure which could or happens to be an ap- 
purtenance of the tunnel, such as a ventilation 
shaft, a catch basin, or manhole. The structure 
for these services then can be built within the 
shaft after it has served its original purpose. 
The cost of a construction shaft is normally 
distributed over the whole project, so it is well 
to keep this consistent with the service it pro- 
vides. 


location of construction shafts 


There are several considerations in the se- 
lection of a site for a construction shaft. One of 
the most important is adequate space for the 
many activities that take place on the surface 
at the jobsite. Size of the tunnel to be driven, 
the expected speed of driving, and the length of 
tunnel are also factors. 


A site for a shaft leading to a free-air tun- 
nel must provide, at a minimum, space to load 
trucks that haul away the muck and deliver 
concrete, as well as an area to store a decent 
supply of supports, haulage track, floor tim- 
bers, and other material needed from day to 
day as the tunnel advances. 


streets as shaft sites 
for small-bore tunnels 


If a small sewer tunnel is to be driven in 
free air under a residential street, sometimes 
room is made by using half the street and park- 
ing strip for all or part of a city block. In local- 
ities where houses may be entered from rear 
alleys, the whole street may be used and no 
special efforts are made to maintain traffic 
past the shaft. In this event, shafts are spaced 
at 150- to 1000-foot intervals directly over the 
tunnel to minimize the length of haul under- 
ground. Often the shaft site is at a manhole. As 
soon as the tunnel is completed, the manhole 
is constructed as the shaft lining is dismantled. 
Because the yardage of muck per hour is small, 
a crane is generally used to hoist the muck and 
drop it directly into trucks or into a hopper 
from which a truck may be loaded by gravity. 
If the street is wide, half of it is generally all 
that’s necessary to use. 


In contrast to free-air tunnels, shafts for 
compressed-air tunnels are near the middle of 
the tunnel, if possible, so that two headings can 
be worked. Moving the compressor plant and 
locks costs more than can be saved from short- 
er hauls in the tunnel. A compressor house, tool 
house, repair shop, and office all take space. 
The street still may be the best shaft site. When- 
ever it is possible to locate a tunnel where advan- 
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tage can be taken of a street, an off-line or off- 
set shaft is avoided and lower bid prices are 
possible. 


distance from shaft to main tunnel 


In free air, an off-line shaft is generally lo- 
cated as close to the main tunnel as possible. 
This reduces the cost of the access or adit tun- 
nel. The considerations are different in com- 
pressed-air tunnels. The air lock is usually situ- 
ated in the drift tunnel. In this way, one bulk- 
head and one set of air locks serve the two 
headings of the main tunnel; they may even 
serve four headings if the project calls for twin 
bores, as in the case of the Chicago Subway. 
The cross-section of the access tunnel, or drift, 
is determined by the transportation equipment 
used to haul the muck out of the tunnel. If the 
main tunnel is big, the cross-section of the ac- 
cess tunnel is much smaller. Obviously, a small 
bulkhead in the access tunnel is cheaper than 
two large bulkheads in the main bore. 


The minimum length of the access tunnel 
depends on the expected rate of mining and the 
transportation system to be employed. First, 
the length of the lock or locks for material must 
not constitute a bottleneck. Then, there must 
be enough distance between the lock and the 
shaft so that the drift tunnel between it and the 
lock can accommodate the materials handling 
system. Cars are switched in this section of the 
drift tunnel. A tail tunnel beyond the shaft 
may be built to handle empties coming down 
the shaft while loads are going up. It is helpful 
if the access tunnel from the lock to the main 
tunnel be straight so that cars can be pushed 
directly ahead into the lock. 


For these reasons, an off-line shaft may be 
used with compressed air even though there 
is room for an on-line shaft. 


size of construction shafts 


The internal width or diameter of an on-line 
shaftımust allow hoisting equipment to easily 
clear. It must also permit the erection of out- 
side concrete forms for the portion of the tun- 
nel located within the shaft. A rectangular 
shaft must have a clear width between wales 
greater than the external width of the tunnel to 
allow for forms. Since the wales may be of con- 
siderable size, the external width of the shaft 
will be several feet wider than the tunnel. A cir- 
cular shaft must be of a diameter that allows 
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construction of a suitable portal. This usually 
means that the diameter is several feet more 
than the external width of the main tunnel. The 
minimum cross-section of an off-line shaft is 
determined by the width of the drift tunnel or 
by the dimensions of the hoisting equipment 
to be accommodated in the shaft, whichever is 
greater. 


When the width of the tunnel permits, and 
when a crane is employed to hoist the muck 
cars, then shafts with diameters between 9 
and 16 feet are practical. On a job requiring 
elevators to handle the muck cars, shafts with 
diameters between 25 and 32 feet are not un- 
common. 


circular versus rectangular shafts 
layout of a rectangular shaft lining 


A rectangular shaft lining consists of verti- 
cal sheathing internally supported at intervals 
by horizontal frames of beams called wales. 
This sheathing may be of wood planks or steel 
piles. They are ordinarily driven into the 
ground with a pile driver. Since 18 or 20 feet 
is about the maximum length of wood planks, 
deeper shafts are usually lined with steel pil- 
ing. 


When a very deep shaft (60 to 100 feet) 
is required, steel sheet piles are too long to be 
driven economically in one piece. When the ex- 
cavation has reached a point a few feet above 
the bottom of the top band of sheet piles, a new 
set of piles is started within the wales and driv- 
en on down. Thus the top half of the shaft is 
larger by twice the depth of the wales plus 
twice the depth of the sheet piles plus a few 
inches for clearance. 


Wales are heavy WF-beams laid horizon- 
tally against the piling at certain vertical inter- 
vals. The appearance of a shaft is shown in 
Figure 19-1. The wales support the piling by 
simple beam action. Each wale, in turn, is sup- 
ported at its ends by the wales at right angles 
to it. Thus every wale is subject to both com- 
pression and bending. However, stresses due 
to axial pressure are very small compared to 
those due to bending. The size of the wale is 
determined by (a) the expected earth pressure 
at the level of the wale, (b) the vertical space 
between wales, (c) the span of wale. In deep 
and wide shafts, the bending moments in the 
wales are very great and call for exceedingly 
heavy and deep profiles, as shown in the figure. 








Figure 19-1 Rectangular Shaft 

















procedure in driving 
a rectangular sheeted shaft 


Here is a common procedure for sinking 
a rectangular shaft in ordinary ground: A 
hole 6 or 8 feet deep is excavated in the rough 
by a clam shell and trimmed to exact external 
size by hand. A frame of wales is set in position 
to form an inner template to line up the piling. 
The piles are set between the template and the 
earth wall, and then driven in stages. 


After the piles are down, the clam shell ex- 
cavates as much material as possible down to 
the level of the next wale. To be sure, the top 
wale prevents the clam shell from digging out 
to the sheathing completely; therefore some 
earth below the upper wale must be dug by 
hand and thrown to the bottom where the clam 
shell can reach and remove it. Inasmuch as 
wales may be as wide as 36 inches, a sizable 
amount of hand digging may be necessary. 
When the site of the second wale has been 
cleaned out, the second wale is installed. This 
operation is repeated until the bottom is 
reached. 


layout of a circular 
liner plate-and-rib shaft lining 


Small diameter shafts are lined with suc- 
cessive rings of liner plate of appropriate thick- 
ness, as shown in Figure 19-2. In shafts with 
larger diameters, rings of steel ribs are blocked 
to the inside of courses of liner plates, as de- 
picted in Figure 19-3. The largest diameter that 
can be lined without rib reinforcement depends 
on the kind of ground and the depth of the 
shaft. Thus, in raveling ground and in sand, 
liner plates alone are sufficient for shafts with 
diameters up to 12 or 14 feet. In medium and 
soft clay, ribs may be required if the diameter 
of the shaft is more than 12 feet because pres- 
sure exerted by clay increases with time. Since 
service periods of one or two years are by no 
means uncommon, pressure on a shaft lining in 
clay may double or triple before the service pe- 
riod has expired. 


Circular liner plate-and-rib shafts can be 
driven to any practical depth without chang- 
ing size in the way described above for deep, 
rectangular, sheeted shafts. In some ground 
such as clay, pressures exerted on the shaft 
increase with depth. In granular soils, horizon- 
tal load from the ground generally does not in- 
crease after a depth of 5 to 6 times the diam- 
eter. Pressure from water, of course, increases 
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Figure 19-2 Shaft 








Figure 19-3 














with depth. To carry the increased load, the 
profile of reinforcing ribs can be increased 
without materially changing the dimensions of 
the shaft. The thickness of the liner plates also 
can be increased if necessary. Rib spacing, 
too, can be decreased. As a result, additional 
strength is built into the shaft without substan- 
tially changing its dimensions. 


Where ribs are required, it is standard to 
install ribs in the top 3 or 4 courses; then at 
every third or second course; and, finally, at 
every second or every course near the bottom. 
Surface traffic around the shaft can bring 
about fairly heavy loads on the lining near the 
top, which is why extra ribs are placed there. 


procedure in driving a circular 
liner plate shaft in cohesive ground 


The first step in driving a liner plate shaft 
is to excavate a circular hole by clam shell and 
hand trim to the depth of one or two courses of 
plates. Either one or both courses of plates are 
then erected. Two beams are placed across the 
opening, and the rings of lining are secured to 
these beams at four points, as indicated in Fig- 
ure 19-4. These beams are then leveled. With 
the first rings of liner plates suspended from 
these beams, the lining is held true. Another 
way is to excavate for four or five rings of liner 
plates, leveling the bottom, then backfilling 
around the liner plates. After several courses 
have been erected and backfilled, the beams 
can be removed inasmuch as the position of 
the top courses is fixed. 


The major share of excavation can be done 
by a clam shell digger, with only a little hand 
trimming. Liner plates and ribs are erected 
course by course, proceeding downward. It is 
important to grout or gravel the overmined 
space between the liner plates and the earth at 
intervals to establish firm contact between the 
lining and the earth. Mining for liner plates 
generally corresponds to the full-arch mining 
procedure described in an earlier chapter. The 
problem of controlling the ground is somewhat 
different, of course. 


comparison of steel shaft linings for 
circular and rectangular shafts 


The following example illustrates the dif- 
ference in quantities of steel required for the 
lining of a circular shaft and an equivalent rec- 
tangular shaft with an external width of 10 feet. 
The ground is assumed to be very soft clay 
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with the design loading specified in the con- 
tract documents as the “hydrostatic pressure 
of clay weighing 100 pounds per cubic foot”. The 
depth is 50 feet. 


A 16-foot diameter (outside) circular shaft 
is indicated in order to construct satisfactory 
portals. The square shaft should be not less 
than 10 ft. 10 in. wide (inside). 


The circular lining is 3/16-inch liner plate, 
and ribs between the plates of 4-inch I-beams 
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Figure 19-4 Plumbing Liner Plate Shaft Lining 


One or two courses of lining are erected in a shallow excava- 
tion. Two timbers or beams are temporarily placed across 
the excavation. The lining is suspended from these beams 
and the top surface is leveled. 


After 4 to 6 courses have been mined-in, the overmined 
space is backfilled and/or grouted. The grout, when set, 
holds the lining plumb, allowing the timbers to be removed. 


It is advisable to place 3 or 4 rings of ribs at the top to 
reinforce the lining against heavy, concentrated loads 
from trucks or cranes operating close to the shaft. 


at 10 pounds per foot. The O.D. is 16 feet. A 
rib is used at every course in the bottom 13 and 
the top 4 courses, and at every second course 
for the remainder of the shaft. The amount of 
steel totals 20.7 tons, and the excavation will 
amount to 376 cu. yds. 


The square shaft is 14-feet square (out- 
side of sheeting). The lining is steel sheet pil- 
ing, section PDA16 weighing 27 pounds per 
square foot of wall. The wales are 14-inch WF 
at 142 pounds per foot, spaced from 5-1/2 to 
10 feet vertically. The amount of steel required, 
including connections, is 61.4 tons, and the ex- 
cavation will amount to 361 cubic yards. 


While excavation for the circular shaft is 
4 percent greater, the steel is only about a third 
of that required for the square shaft. Steel is 
the expensive item. 


other comparisons 


The driving of sheet piling for a rectangu- 
lar shaft means that a rig must be moved to the 
job to drive only a small number of piles and 
then be hauled away. Later, the rig may be re- 
turned to pull the piles. Moving this equipment 
about adds to costs. The actual driving of piles 
costs about the same as the erection of the liner 
plates and ribs, including grouting. 


Cost of excavation per cubic yard is lower 
for the circular shaft because the percentage of 
hand trimming is less than for a rectangular 
shaft with equal clearance. 


other types of circular shaft lining 


Benefits from the circular shape are not 
confined to the liner plate-and-rib shaft. A shaft 
of sheet piling and wale is cheaper when given 
a circular and not rectangular shape. The main 
saving is found in the substitution of ring 
beams for rectangular frames, which elimi- 
nates the large bending moments. With bend- 
ing stresses eliminated and only thrust to con- 
sider, the profiles of the ring beams can be 
much lighter and far more shallow, which re- 
duces material costs. And, since the profile of 
the ring beams has a smaller depth, the external 
dimensions can be reduced, thereby lessening 
the amounts of both excavation and sheet 
piling. 


In another type of circular shaft, wide 
flange beams and wood lagging replace steel 


sheet piling. Heavy steel beams spaced at 
about 2-foot, 6-inch intervals around the 
periphery of the shaft are driven down. As the 
excavation goes along, ring beams are installed 
and the ground between the vertical beams is 
hand-mined to permit the lodging of short wood 
lags between the webs of the vertical beams. 
This type of construction is illustrated in Fig- 
ure 19-5. Ring beams are welded or hung by 
tie rods, and blocked to the verticals. 


The cost of this lining is somewhere be- 
tween one of sheet piling and ring beams and 
one of liner plates and ribs for the same loads 
and the same internal clearance. Generally 
speaking, the cost of a vertical and ring beam 
(plus wood) lining exceeds that for liner plates 
and ribs. If the shaft is deep and necessitates 
stepped-in construction, this cost variance is 
further heightened by extra excavation and 
material for the enlarged portion at the top. 
If the vertical beams are not driven absolutely 
vertical, there is extra expense in fitting the 
lags and ring beams. 


conclusions 


It should be apparent from the preceding 
discussion that circular shafts lined with liner 
plates, with or without ribs, are more economi- 
cal than rectangular shafts with sheet piling 
and steel beams. 


Subways, and other public services, often 
call for structures that extend from the sur- 
face to a tunnel. Whenever these can be de- 
signed as a circular structure, the cost of the 
finished structure is usually considerably less 
than if they were designed with rectangular 
cross-sections. 


pressure on walls of 
shafts in running ground 


state of stress in ground 
prior to shaft sinking 


The vertical and horizontal pressure in a 
running ground, such as cohesionless sand, 
increases in direct proportion to the depth 
below the surface (as a hydrostatic pressure). 
If z is the depth and w is the unit weight of 
sand, the vertical unit pressure at depth z is 


Py = wz (19-1) 
and the horizontal unit pressure is 
Pho = Ka wz (19-2) 
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Figure 19-5 H-Pile and Lagging Shaft 


H-beams or WF-beams are driven vertically into the 
ground before excavation starts. They are spaced at about 
2 feet 6 inches centers around the periphery. As excavation 
proceeds downward, wood lags are fitted between the 
vertical piles, and ring beams are installed and welded 
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at proper vertical spacing to take the horizontal inward 
pressure. 


Ring beams can also be supported by tie rods and blocked 
to the vertical beams. 
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Figure 19-6 Ground Cylinder in Running Ground 


(a) If a vertical shaft is sunk through running ground, 
such as clean sand above the water table, horizontal 
arching occurs in the same manner as arching over a 
horizontal tunnel in sand. Because the sand yields toward 
the shaft from all sides, the yield produces not an arch 
as it does above tunnels, but a ground cylinder which 
carries most of the horizontal pressure exerted by the 
sand outside the cylinder. 


where 
Ka = coefficient of active earth pressure 
_ 1—sing (original Rankine (19-3) 
1+sing equation) 


ø = angle of internal friction 


During excavation, sand yields toward the 
shaft. This yield induces arching in the same 
manner as the downward yield of sand in- 
duces arching above the roof of a tunnel. How- 
ever, since the yield takes place in horizontal 
planes and thereby advances the sand toward 
the shaft in radial directions, the arches are 
horizontal, merging into a vertical cylinder 
(which will be referred to as the ground cylin- 
der). It surrounds the shaft like a mantle, as 
shown in Figure 19-6a, and carries the major 
part of the horizontal pressure which acts in 
the sand beyond the boundaries of the ground 
cylinder. 


Because of the arch action, the pressure of 
sand onto the roof of tunnels does not increase 


(b) The abscissas of the solid line represent the horizon- 
tal pressure pp of the sand against the shaft lining at any 
depth. This pressure increases from zero at the surface 
until a depth equal to about 5 times the diameter of the 
shaft. Below the depth, it remains practically constant. 
The broken line represents the horizontal pressure of the 
sand on straight vertical walls where there is no ground 
cylinder action. 


with depth, that is, any depth beyond about 1.5 
times the sum of width and height of the tun- 
nel. Similarly, pressure on the walls of a shaft 
in granular soils does not substantially increase 
beyond a depth equal to about five or six times 
the diameter of the shaft, depending on the 
type of ground being penetrated. 


According to the theory of ground cylin- 
ders!, the horizontal unit pressure on the walls 
of a shaft with a radius r in dry sand with unit 
weight w at depth z below the surface is 

Pr = Mur (19-4) 
wherein M is a factor which depends on the 
ratio= between the depth z and the radius r of 


the shaft and on the angle of internal friction ø 
of the sand. 


The equations which express the relation 
between M and = are somewhat cumbersome 
and can only be solved by trial and error. There- 
fore, it is preferable to express this relation 


1K. Terzaghi, Theoretical Soil Mechanics, John Wiley and Sons Inc., N.Y. 1943, pp. 206-215. 





from Table 19-1, which contains the values of 
M for different values of for a shaft in sand 
with an angle of internal friction 2 = 40 de- 
grees. The table shows that the value M and, as 
a consequence, the horizontal unit pressure ph, 
(Equation 19-4) on the walls of a shaft hardly 
increases for values of — greater than 10. A 
value of 2 = 10 corresponds to a depth z equal to 
5 times the diameter of the shaft. 


The following example illustrates the in- 
fluence of the diameter of the shaft, the angle 
Ø of internal friction, and the depth below 
the surface on the horizontal pressure pp per 
unit of area of the walls of the shaft. The unit 
weight w of the sand is assumed to be 120 lbs. 
per cu. ft. The results of the computations are 
assembled in Table 19-2. The table shows that 
the increase of the unit pressure on the walls 
of the shaft with depth is very small, and that 
at any depth the pressure is insignificant when 
compared to the pressure which had acted at 
that depth before the shaft was excavated. 


design load for lining of shafts 
in running ground 


Based on the theory of ground cylinders, 
the following design loads for shafts with a 


depth of more than 5 times the shaft diameter D 
are proposed: 


Dense sand — pa = 0.2wD (19-5) 
Medium sand — pa = 0.4w D (19-6) 
Loose sand — pa = 0.6wD (19-7) 


In these equations w is the unit weight of 
the sand. The values Pd are equal to the 
theoretical pressure on the walls of shafts at 
depth infinity below the surface of the ground. 
Therefore the resulting values are on the safe 
side. 


pressure on walls of shafts 
in flowing ground 


Shafts in flowing ground are constructed 
either by the compressed-air or the drop-shaft 
method. 


If compressed air is used, the position of 
the water table at the site of the shaft remains 
unchanged. If, at a later date, the shaft is sealed 
and the air pressure removed, the walls of the 
shaft are acted upon by the sum of water and 
sand pressures. Below the water table, the 


Table 19-1 
Values of M, Equation 19-4, for cylindrical shafts in sand with an angle of internal friction Ø = 40°. 


Z 
Values of —- 0 3.1 8.3 11.8 18.2 29.4 76.0 Infinity 
h 
M = 0 0.23 0.30 0.33 0.35 0.36 0.37 0.398 
Table 19-2 


Unit pressure pp on the walls of shafts in Ibs. per sq. ft. computed by means of Equation 19-4 
Pho = Earth pressure prior to shaft excavation (earth pressure at rest). 
Unit weight of sand = 120 Ibs. per cu. ft. 


Diameter of the shaft: 4 Ft. 


Depth Below the Ø = 30° (Loose) 


Surface (in feet) Ph Pho 
100 260 4800 
1000 280 48,000 


Ø = 40° (Dense) 


Ph Pho 
90 6000 
94 60,000 


Diameter of the shaft: 20 Ft. 


Depth Below the Ø = 30° (Loose) 


Surface (in feet) Ph Pho 
100 1100 4800 
1000 1430 48,000 


@ = 40° (Dense) 


Ph Pho 
380 6000 
470 60,000 





sand is acted upon by full hydrostatic uplift, 
and the pressure of the submerged sand on the 
walls of the shaft is very small. Beyond a depth 
of more than two or three times the diameter 
of the shaft, the pressure of the submerged 
sand becomes negligible when compared to the 
water pressure. If the walls of the shaft are de- 
signed with an adequate margin of safety with 
respect to a failure under the influence of water 
pressure, the sand pressure can be disregarded 
everywhere except in the uppermost part ofthe 
shaft. 


If the drop-shaft method is used, thickness 
of the concrete wall must consider that the 
drop-shaft lining should be heavy enough to 
overcome side friction with its own weight. 
The safety factor in concrete walls of such drop 
shafts is usually more than adequate to with- 
stand theinfluence of water and earth pressure. 


pressure on walls of shafts 
in raveling ground 


The pressure on the wall of shafts in non- 
squeezing and non-swelling, raveling ground 
can be estimated by means of Equations 19-5 
to 19-7, which have been used previously to 
calculate the pressure exerted by running 
ground. Raveling ground with a porosity of 45, 
35, and 25 percent corresponds to loose, medi- 
um, and dense sand, respectively. 


If raveling ground consists chiefly of clay, 
the rules for estimating the pressure on the 
walls of shafts in squeezing or swelling ground 
apply. 

pressure on walls of shafts 
in squeezing ground 


state of stress in squeezing ground 


The most representative of squeezing 
ground is soft clay. Experience indicates that 
soft clay behaves in the field as if its angle of 
internal friction ø were equal to zero. Its shear- 
ing strength s per unit of area is roughly equal 
to one-half of its unconfined compressive 
strength qu (see Chapter 4). 


Before the shaft is excavated, the vertical 
unit pressure in clay with unit weight w at any 
depth z below the surface is equal to 
(19-8) 


Pv = Wz 


and the horizontal pressure in any but stiff, 


swelling clay is approximately equal to the ver- 
tical pressure at the same depth. 


If the clay yields toward an open excava- 
tion (such as a long trench) it has no opportu- 
nity to arch. As the yield increases, the hori- 
zontal pressure decreases and becomes equal 
to 


Phr = wz—2s (19-9) 
This pressure is known as active Rankine pres- 
sure. 


Between the ground surface and a depth 
Zo = —, the pressurein clayis negative, indicat- 
ing tension in the clay. Therefore, if a circular 
excavation with vertical sides is made in clay, 
no lateral support is required between the sur- 
face and depth zo- 


ground cylinder in squeezing ground 


If a shaft is excavated in squeezing ground, 
clay has an opportunity to expand, which re- 
duces the horizontal pressure in the clay, first 
of all, to the values given by Equation 19-9. 
Furthermore, because the yield occurs in radial 
directions toward the shaft, a ground cylinder 
is formed similar to that shown in Figure 19-6a, 
which again reduces the horizontal pressure 
and, consequently, the pressure on the walls 
of the shaft. 


The importance of pressure reduction on 
the walls of a shaft from the formation of a 
ground cylinder is shown by the results of mea- 
surements of the clay pressure which acted on 
the steel lining of a shaft for the Chicago 
Subway at the northeast corner of Washington 
and Dearborn Streets. 


Part of the collar of the shaft was located 
within the basement of an old six-story build- 
ing. The floor of the basement was 11 feet be- 
low the street surface. Between the level of the 
street and a depth of 43 feet, the shaft had a 
diameter of 15.5 feet; and below this level to 
a depth of 73 feet, a diameter of 12 feet. At a 
depth of about 40 feet below street surface, 
the shaft came within 2-1/2 feet of the walls 
of one of the subway tunnels. 


The walls of the shaft were supported by 
ring-shaped, 9-inch channels spaced 2 feet 9 
inches vertically. Each ring consisted of three 
segments. The spaces between the rings were 
bridged by steel lagging plates 2 feet 6 inches 
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high and 1 foot wide. The pressure carried by 
the rings was measured by means of hydraulic 
jacks acting against lugs located on either side 
of the joint between segments. 


Prior to the construction of the shaft, con- 
tinuous Shelby tube samples were taken from 
a drill hole located in the proximity of the shaft. 
The unconfined compressive strength qu of 
each 6-inch section of samples was deter- 
mined. The value s in Equation 19-9 is equal to 
one-half of the unconfined compressive 
strength. Between the street surface and a 
depth of 11 feet, the subsoil consisted of mis- 
cellaneous fill and grey silt without cohesion 
but with considerable shearing resistance due 
to internal friction. Below a depth of 11 feet, 
the shaft was surrounded by Chicago blue clay. 
The uppermost part of the clay stratum was 
stiff. However, with increasing depth, the s 
value decreased rapidly. Between a depth of 20 
and 40 feet, the clay was soft, whereas below a 
depth of 40 feet and above a depth of 20 feet, it 
was stiff. Below a depth of about 60 feet, it 
was very stiff. 


Figure 19-7a is a vertical section through 
the center line of the shaft. In Figure 19-75, the 
dash line represents the values Pmin computed 
by means of Equation 19-9 (Rankine values), 
and the solid line denotes the pressures com- 
puted on the basis of results of pressure mea- 
surements in the shaft. The diagram. shows 
that the pressure on the walls of the shaft is 
much smaller than the minimum value pmin ob- 
tained by means of Rankine’s equation. At the 
level of the tunnel tube, the shaft is located 
within the ground arch of the tunnel, which 
may account for the exceptionally low pressure 
encountered at that elevation. 


time increase of pressure 
in squeezing ground 


Data shown in Figure 19-76 were obtained 
within a week after the shaft was excavated. At 
that time the pressure was small compared to 
the Rankine pressure represented ky the 
abscissas of the dashed curve. However, re- 
sults of observations on other shafts have 
shown that the pressure exerted by squeezing 
ground onto the walls of the shaft increases at 
a decreasing rate as time passes. The intensity 
of the ultimate pressure is not yet known. It 
may even be greater than the active Rankine 
pressure, Equation 19-9. However, to the best 
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of present knowledge of the physical proper- 
ties of clay, it is most improbable that the 
shearing stresses become smaller than one-half 
of the shearing resistance. A rough estimate of 
the ultimate value pg of the clay pressure can 


be made by replacing s in Equation 19-9 by 
so that 
Pd = wz—s (19-10) 


design load of lining of shafts 
in squeezing ground 


The service period for the lining of access 
shafts is seldom less than six months and may 
last several years. The pressure on shaft linings 
in squeezing ground is likely to attain the ulti- 
mate value within a few months. Therefore the 
design of the lining of shafts in such ground 
should be based on Equation 19-10. 


pressure on lining of shafts 
in swelling ground 


If a shaft is located in stiff, intact, or fis- 
sured swelling clay, the initial pressure on the 
shaft lining is negligible. Within about a week, 
the pressure will start to increase, and even in 
intact, swelling clays, the ultimate value of the 
swelling pressure may be reached within a 
year after exposure. If the service period of the 
lining is more than one year, the lining should 
be designed on the presumption of ultimate 
swelling pressure. 


Judging of both the ultimate swelling pres- 
sure and the rate of increase of this pressure 
can only be done on the basis of previous ex- 
perience in similar clays or on the results of 
pressure observations in a test shaft. Investiga- 
tions have demonstrated that the horizontal 
pressure exerted by an intact, swelling clay 
on the lining of a tunnel located 30 feet below 
the ground surface increased within one year 
from zero to 18 tons per square foot. The over- 
burden pressure at that depth we; only equal 
to 2 tons per square foot. In other words, the 
horizontal pressure was nine times greater than 
the vertical load. On a tunnel job in the same 
region, but at a greater depth below the sur- 
face, the horizontal pressure increased within 
two years from zero to values up to 32 tons per 
square foot. (Unpublished communication by 
K. Langer.) 
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Figure 19-7 Pressures on a Shaft in Clay 


(a) represents a vertical section through the center line 
of an approach shaft to one of the tunnels of the Chicago 
Subway. 


(b) is a chart showing the horizontal pressures on the 
shaft lining at various depths below the surface. The 
abscissas of the solid line represent the pressures 
measured one week after sinking the shaft. As time 
passed, these pressures increased. 


If the clay had no shearing resistance, the pressures on 


sinking liner plate shafts in 
running and flowing ground 


definition 


Running ground (clean sand and/or grav- 
el) has been defined as ground which starts to 
run as soon as a surface with a slope angle in 
excess of the angle of repose is exposed. Flat- 
ter slopes and the bottoms of excavations in 
running ground are stable. Running ground 


the shaft support would be equal to the abscissas of 
the dash-dot line. During the excavation of the shaft, a 
ground cylinder was formed which reduced the 
horizontal pressure to the values represented by the plain 
line (measured pressure). However, experience shows that 
the pressure of clay on shaft support, like that on 
tunnel supports, increases with time. At the end of the 
service period, the pressure on the shaft lining may be 
as great as the pressures represented by the abscissas 
of the broken line (Rankine values), if not greater. 


with a trace of cohesion is called cohesive-run- 
ning ground. The trace of cohesion slightly de- 
lays the run. Running conditions are limited 
to ground located above the water table, or in 
tunnels below the water table when they are 
filled with compressed air under sufficient pres- 
sure to prevent the flow of water into the tun- 
nel. In free-air tunnels or shafts extending be- 
low the water table, running ground assumes 
the character of flowing ground which invades 
the tunnel or shaft through both the sides and 
the bottom. 
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liner plates and unitary excavation in 
cohesive-running ground 


Cohesive-running ground includes very 
fine sand and coarse sand or gravel containing 
a trace of a binder such as silt or clay. Among 
the cohesive-running grounds, mixtures of 
sand-and-gravel are slightly more stable and 
more easily handled than either clean sand or 
gravel. 

In cohesive-running ground, small vertical 
faces stand up long enough to install a 16-inch 
liner plate, one plate at a time. If a run starts, 
the consequences are not at all serious because 
only a small amount of ground can be lost at 
any point. This is illustrated by Figure 19-8, 
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Figure 19-8 Liner-Plate Shaft 

in Cohesive-Running Ground 
(a) Cohesive-running ground usually stands long enough 
to allow mining-in one liner plate at a time. To minimize 
the effect of a run, should it occur, the mining is done 
in a slot around the periphery. 


(b) A run has occurred but has stopped with only a 
small loss of ground. The run is cut off by spiling boards. 


(c) Spiling boards have been driven and lost ground 
cleaned out. The liner plate is sometimes erected against 
the spiling. Mining can proceed by the unitary exca- 
vation process. 


Ribs are placed inside the liner plates on brackets 
instead of between the plates, as is the practice in 
cohesive ground. This procedure minimizes the size of 
the opening that is made at any one spot and shortens 
the time between excavation and plate installation. 
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which shows how mining is done in a slot 
around the periphery of the shaft. If a run oc- 
curs, it stops before the slot is full. The figure 
also shows how, in case of a run, spiles can be 
driven to hold the loosened ground and rees- 
tablish the prerequisites for unitary excavation. 


Since the success of mining through cohe- 
sive-running ground is essentially a matter of 
speed, it is advisable not to attempt to place 
ribs between the liner plates. It is better to 
place the rings inside the liner plates. These 
rings are supported by means of tie rods from 
the previous ring, as indicated in Figure 19-8. 
The horizontal pressure on the lining is nor- 
mally small. Therefore, it may not be necessary 
to install a rib at each course of liner plates, 
and the spacing of the ribs can be varied. 


shafts through cohesive ground 
with water-bearing sand seams 


If borings give evidence that a thick layer 
of cohesive ground such as clay contains a 
water-bearing seam, it is desirable to seal off 
the seam before it is reached. One way is to 
start the shaft about three feet larger in diam- 
eter than the project specifies (see Figure 19- 
9). As the bottom of the shaft approaches the 
seam, there is danger of the shaft bottom rising 
in response to upward water pressure from the 
seam. To eliminate this danger, bleeder wells 
are installed from the bottom of the shaft into 
the water-bearing seam. The system should be 
operational once these wells are in, for it may 
be needed very quickly (especially if the water 
is under pressure). Pumps also should be ready. 
Bleeder wells are denoted in the figure by bro- 
ken lines. 


When the excavation comes to an eleva- 
tion some three feet above the water-bearing 
seam, sheet steel piling or tight wood sheath- 
ing is driven through the sand seam until it 
penetrates well into the clay below and seals 
off the seam. Excavation then can go ahead 
within the ring of piling, with circular ribs 
erected as necessary to support the sheathing 
or piling. Below the bottom ends of the piling, 
the wall of the shaft is again supported by the 
liner plate-and-rib lining. 


After the sheathing is driven, bleeder 
wells are usually removed. Largely cut off by 
the sheathing, water in the seam will tend to 
find its way into the shaft through the annular 
space between the sheathing and the lining of 
the upper part of the shaft. If there is danger 


that water may scour out a hole leading into 
this space, it should be sealed with concrete, as 
shown in Figure 19-9. Water may also break 
through below the sheathing unless the over- 
mined space outside the liner plates is grouted. 
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Figure 19-9 Sealing off Water-Bearing Seam 


Sand pockets or sand seams are occasionally encoun- 
tered in beds of clay. These are usually water-bearing, 
and the water is often under a large head. It is desirable 
to seal off these seams before they are reached. 


The shaft is started with a diameter that is 3 feet 
larger than required. As the excavation nears the water- 
bearing seam, one or more wells are advanced into 
it to relieve the hydrostatic pressure. At about 3 feet 
above the sand, sheet piling or tight, wood sheathing 
is driven into the clay below to seal off the water. 
Rings are installed to support the skin as excavation 
proceeds. 


Below the piling, mining is resumed with liner plates 
and ribs of required diameter. At the step-in, a seal 
of concrete is poured if there is danger of water forcing 
a passage into the shaft. The liner plates below are 
grouted to guard against a break below the sheathing. 


Note: Bleeder wells should be ready to operate before 
reaching the point where they are to be inserted. 
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shaft in quicksand 
difficulties encountered in quicksand 


The greatest of all difficulties occur if a 
shaft penetrates a fine-grained, flowing ground 
such as quicksand. Materials of this type can- 
not be drained. If an attempt is made to pene- 
trate quicksand by deepening the shaft in the 
dry, the bottom will undoubtedly rise as fast as 
the ground is excavated; and if excavation is 
discontinued, the sand will rise in the shaft 
almost to the level of the original water table. 


drop shaft and wet excavation 


A drop shaft is a watertight cylinder which 
forms the wall of the shaft. It is excavated by 
dredging inside the cylinder, which follows the 
bottom of the excavation by sinking under the 
influence of its own weight. As the cylinder 
lowers, its top end is built up at a pace that 
will keep its upper edge above the surface of 
the ground at all times. The cylinder may be 
of reinforced concrete or of a steel shell lined 
with concrete. A steel shell not only serves as 
an outer form for the concrete but minimizes 
the skin friction. Plain (not corrugated) liner 
plates have been used in several instances. In 
any event, the drop shaft should be sufficiently 
heavy to overcome the frictional resistance 
against sinking. The bottom end of the cylinder 
is made with a cutting edge. 


Initially, ground is excavated by ordinary 
means to a depth of about 10 feet below its sur- 
face. If the water table is situated within this 
depth, excavation is discontinued at or a few 
feet above the water table. Forms for the low- 
est part of the drop shaft are erected in this 
hole and the concrete is poured. Excavation 
can continue in the dry by undercutting the 
lower edge of the drop shaft until quicksand is 
encountered. The shaft is then filled with water 
and the water level in the shaft is maintained 
several feet above the outside water table. This 
avoids loss of ground. Excavation from this 
point on is wet. As the shaft sinks, courses are 
added at the top. When the bottom of the 
shaft has reached its pre-designated elevation, 
concrete is poured through a pipe in the center 
to form a thick floor for the shaft. When it has 
set, the water can be pumped out. 


To be able to design a proper drop shaft, 
a conservative estimate of the frictional resist- 
ance which opposes the sinking of the shaft is 
first made. Walls are given a thickness with 
which the average weight per foot of drop will 
be somewhat greater than the average fric- 























tional resistance also per foot of drop. If this 
condition is satisfied, the top edge of the shaft 
can be maintained close to the surface of the 
ground until the operation is finished. Other- 
wise, the shaft may stick which makes it either 
necessary to load the drop shaft or to build it 
higher above the surface than anticipated. 
Either one of these measures is less economical 
than making the shaft heavy enough to sub- 
side on its own in the beginning. If a shaft is to 
serve as an access to a tunnel located in quick- 
sand, the breakaway from the shaft requires 
compressed air. An air deck is constructed in 
the shaft with the necessary locks for person- 
nel and material. This temporary installation 
must be kept in service until the tunnel has 
been driven far enough from the shaft to pro- 
vide adequate space for a bulkhead and locks. 
Once the tunnel lock is in operation, the com- 
pressed air is taken off the shaft and the air 
deck removed. The operation of vertical locks 
is extremely costly. Their capacity is small. As 
a consequence, the expense of replacing them 
with vertical bulkheads and horizontal locks in 
the tunnel is justified. 


sheet piling shaft in quicksand 


If a bed of quicksand rests at a reasonable 
depth on a stratum of impervious ground such 
as stiff clay or hard pan, interlocking sheet 
piling can be driven into the impervious 
ground to seal the bottom. Once the ring of pil- 
ing is complete, excavation can proceed from 
the surface in free air down to the desired 
depth (supporting the piling if needed). 


liner plates and 
compressed air in quicksand 


If a bed of quicksand is located below a 
thick layer of impervious ground capable of 
holding compressed air, mining with liner 
plates is most probably more economical and 
expedient. The procedure is rather simple. 


The uppermost part of the shaft is con- 
structed by the liner plate method described at 
the outset of this chapter. The procedure is 
continued until the weight of the clay located 
between the bottom of the shaft and the top 
of the quicksand has been reduced to about 1.3 
times the hydrostatic uplift which acts onto the 
roof of the quicksand.! At this stage, the free- 
air shaft sinking is discontinued. The space be- 


tween the liner plates and the earth is thorough- 
ly grouted not only to prevent air from escap- 
ing to the surface but to anchor the lining to 
the ground. Since the weight of the liner plate 
lining is but a fraction of the uplift exerted by 
the compressed air, the lining will be pushed 
out of the hole unless it is adequately anchored 
or weighted. Because grouting (which stops 
the air leakage) also anchors the lining to the 
earth, weighting becomes unnecessary. 


When the grouting is completed, an air 
deck and locks are installed in the shaft and 
air is applied. Compressed air changes a fine- 
grained, flowing ground such as quicksand into 
a slow-raveling ground in which the liner plate 
method can be as conveniently used as in 
cohesive ground. If seams of free-draining 
sand are discovered, it may be necessary to 
grout them before they are exposed at the bot- 
tom to prevent excessive air loss. 


shaft portals 
concreted portals 


The breakaway from the shaft is an open- 
ing in its walls of the size of the external cross- 
section of the tunnel. Over the full height 
of this opening, the shaft walls are oriented 
parallel to the center line of the tunnels and 
have no transverse support other than what is 
left of the transverse walls after the opening 
has been made. In the case of on-line shafts for 
tunnels with a height of 25 or 30 feet, the hori- 
zontal load that must be carried between the 
top and the bottom of the openings is a very 
heavy one. Provisions for carrying this horizon- 
tal load on the shaft walls between openings 
with great height are dictated by the cross- 
section of the shaft. In rectangular shafts, the 
transverse walls in which the openings must be 
made are concreted to a height several feet 
above the crown. Therefore, the two openings 
are surrounded with stiff concrete frames 
which act as supports for the two walls. In cir- 
cular shafts, concrete for the openings may be 
poured before the opening is made. These con- 
crete frames surrounding the openings fulfill 
the same purpose as those in rectangular 
shafts. 


steel portals 


In the case of on-line shafts for medium 
and small tunnels as well as off-line shafts 


'The hydrostatic uplift per sq. ft. on the roof of the quicksand is equal to the unit weight of water, 62.4 lbs. per cu. ft., times the vertical 


distance between the roof and the water table. 
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Figure 19-10 Steel Portal Framing 


Steel portal frames are especially applicable in long, 
free-air sewer tunnels of small diameter. On such a 
job, the shaft lining is withdrawn and used over again 
several times. The portal framing is salvaged complete. 

The shaft ribs that are to be cut are provided with 
brackets which bear against the vertical jamb at each 


side of the opening. These jambs transfer the ring thrust 
of the cut ribs to the concrete bottom of the shaft and 
to a header rib above the opening. In soft clay, these 
jambs are of a box section or are reinforced laterally 
to withstand the inward pressure of the clay disturbed 
while driving the tunnel the first few feet. 
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serving adit tunnels, it is both feasible and 
cheaper to use steel framing for the portals. 
Steel portal frames are especially desirable 
when a small sewer tunnel is driven from a 
series of shafts using one lining which is recov- 
ered and used again. 


Portal framing for a rectangular shaft is 
heavy and complicated. Unless the shaft linings 
are to be used more than once, the portals are 
concreted. 


The construction of a portal in a circular 
shaft of liner plates and ribs is much simpler. 
After the mining is complete, one heavy beam, 
sometimes stiffened laterally, is placed verti- 
cally at each side of the portal to act as a jamb. 
The bottom ends of these two jambs are im- 
bedded in the concrete at the bottom of the 
shaft, and the top ends are separated by a 
heavy, curved header rib located a short dis- 
tance above the crown of the drift. These mem- 
bers are shown in Figure 19-10. Brackets are 
attached to all the ribs of the shaft lining lo- 
cated between the bottom of the shaft and the 
crown of the drift. Wedges are tightly driven 
between brackets and the vertical jambs, and 
the header rib is blocked against the lining. 
After this is done, the rib and liner plates are 
burned out to the contour of the tunnel cross- 
section, whereupon the ring stresses in the ribs 
are transferred by the vertical members to the 
shaft floor and the well-blocked circular head- 
er rib. This procedure involves no concrete or 
form work and the material involved often can 
be salvaged and used again. 


caissons for building foundations 


caissons defined 


In building foundation work, the term cais- 
son indicates small circular shafts with diam- 
eters normally ranging up to about eight feet. 
The methods used for sinking these shafts de- 
pend, first, on subsoil conditions and, second, 
on local practice. Some of the methods for 
sinking such caissons will be described in the 
next paragraphs. 


cylindrical steel caissons 


To construct caissons in flowing ground 
such as quicksand, steel cylinders are jacked or 
driven into the ground, with or without the use 
of water jets. The soil is removed either by 
dredging while sinking proceeds, or after- 
wards by using high-pressure air or water jets. 
Once the excavation is finished and the bottom 


240 


of the hole is sealed, the cylinders can be de- 
watered, the bottom cleaned and squared off, 
and the shaft concreted. The steel cylinder car- 
ries part of the load and the concrete the bal- 
ance. 


liner plate caissons 


In cohesive, slow-raveling, running, or 
free-draining flowing ground, hand excavation 
with liner plates can be employed advantage- 
ously. The process is exactly the same as that 
described for sinking access shafts through 
similar materials. The grouting of the space 
behind the lining of such shafts is not practiced 
except in spots to fill large, overmined spaces 
or to seal water-bearing seams. The minimum 
diameter for a liner plate caisson is four feet, 
the smallest diameter in which a man can work 
productively. 


gasketing of caisson liner plates 


When water seeps through the caisson 
lining at a rate that will interfere with excava- 
tion or may be washing fine solids, the flange 
joints may be gasketed with a neoprene rubber 
gasket. Applied to all the flanges of the liner 
plate, these gaskets prevent water from seep- 
ing into the caisson. 


Chicago caisson and caisson rings 


The city of Chicago is located above a bed 
of clay. Bedrock is encountered at depths rang- 
ing from 30 to 100 or more feet. The clay varies 
from soft to hard. It is practically impermeable, 
except in areas where it contains layers or 
pockets of sand. Therefore, water trouble is 
never encountered through this ground, unless 
the caisson strikes a pocket of water-bearing 
sand. The local procedure for sinking caissons 
through, this clay is to mine ahead of the lower 
edge of the lining without any lateral support 
to a depth of 5 feet 4 inches or some smaller 
fraction of 16 feet, depending on the stiffness of 
the clay. The walls of the excavation are lined 
with wood lags placed vertically. The two ends 
of these lags are supported by two-piece cais- 
son rings, as shown in Figure 19-11. In rare in- 
stances, an additional ring may be installed in 
the middle. 


Caisson rings are channels bent with the 
flanges in. Channels vary from 3 inch for very 
small caissons to 5 inch for the larger diam- 
eters. The lags may be made from 2 x 6 or 
3 x 6-inch maple hearts or other less costly 
lumber. l 
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Figure 19-11 “Chicago” Caissons 


In the clay beds which underlie Chicago, Illinois, 
caisson linings are vertical wood lags supported by 
channel caisson rings. Because lumber can be easily 
obtained in 16-ft. lengths, the length of the lags is 
usually 5 ft. 4 in. If the ground is soft, this length may 
be reduced to 4 ft. or even to 3 ft. 2-3/8 in. 


Two 2-piece channel rings support each band of lags. 
Channels vary with diameter and ground conditions 
from 3 in. to 5 in. 


Chicago Caissons can be used in any cohesive ground 
that will not sluff during the time it takes to excavate 
for and install one band of lags. 


So many caissons have been sunk in the 
Chicago area by this relatively inexpensive 
technique that the caissons are commonly 
called Chicago caissons. The same technique 
can be used advantageously wherever the 
ground will stand for a considerable time with- 
out sluffing. The procedure is more economical 
than the liner plate technique or any other 
method so far developed. 


spread footings for caissons 


If a caisson is used for transmitting the 
weight of a structure to a stratum other than 
rock — for instance, to a layer of hardpan or 
dense sand — the base of the caisson must 
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be suitably large to keep the unit load on the 
supporting ground within the allowable bear- 
ing value for the supporting ground. It would 
not be economical to give the caisson a cross- 
section with the dimensions of the required 
bearing area. Therefore, the caisson itself is 
designed as if it rested on rock, and only its 
lower end is belled-out to meet the require- 
ments of load distribution. 


The general procedure in belling-out is to 
first sink the liner plate caisson to the elevation 
of the bottom of the footing. The plates below 
the top of the bell are not staggered. The sec- 
ond step is to remove a panel of liner plates 
from the top of the bell to the bottom. The top 
gore plates are mined-in in this panel and sup- 
ported by extended trench jacks from the bot- 
tom, as indicated in Figure 19-12. The next 
course of gore plates and the outer liner plates 
are then mined-in. This procedure is repeated 
all around the footing, one panel at a time. 
Once the entire lining of the bell is installed, 
some or all of the trench jacks can be removed. 
Load conditions, however, may require that 
support be kept at the bottom of the upper 
course of gore plates. In this event, pieces of 
small I-beams can be installed to replace the 
jacks which are withdrawn. These beams or 


posts are buried in the concrete. 
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Figure 19-12 Spread Footings for Caissons 


In cases where the foundation caisson rests on a stratum 
with a unit bearing value less than the unit strength of 
concrete, it is economical to spread the footing. 


The liner plate caisson is driven down to the elevation 
of the bottom of the footing. The plates below the top 
of the bell, or cone, are not staggered. One panel of 
plates is removed and the top gore plates mined-in and 
supported as shown at the left. 


The lower gore plates and the outer liner plates are 
then installed as shown at the right. This procedure 
is continued around the footing. If load conditions 
require, the gore plates are supported by small I-beams 
which are concreted in. 








Epilogue 


The preceding chapters discussed methods of driving tunnels and ex- 
cavating shafts in many kinds of ground. Methods of supporting the 
ground were described; and means of estimating the loads and pressures 
acting on the support, as well as data on exploring the ground to be pene- 
trated, were also reviewed. As for the actual design of support required, 
there was little information except that given for the hypothetical design of 
the lining for a shield-driven tunnel in Chapter 18. 


Catalogs of liner plates published by most manufacturers contain tables 
of safe loads which various shapes and sizes of liner plate structures can 
carry. They originated with recognized engineering groups and professional 
societies primarily interested in underground construction. Thickness of 
liner plates can be determined from these data after the loads have been 
estimated. Where ribs are to be used, dimensions of the section can be de- 
termined from data presented in the book titled, Rock Tunneling with 
Steel Supports. There seems little point in repeating this information here 
since itisreadily available in considerable detail from the companion book 
to this. 


Perhaps it should be repeated at the conclusion of these pages that to 
design a tunnel support capable of supporting the ground loads by bending 
resistance would be highly impractical and enormously expensive. Tunnel 
supports rely upon the surrounding ground (as described before); to de- 
sign unnecessary stiffness in the lining, therefore, would be detrimental 
since the bending stresses become residual when contact with the sur- 
rounding ground is made. The residual bending stress actually can 
detract from the ability of the support to carry loads. 


For those engaged in driving and supporting a tunnel, study ofthistext 
should be helpful in understanding ground and handling various typesand 
conditions. However, texts such as this will not transform the reader into 
an expert in performing the procedures described. Experience coupled 
with knowledge gained is the surest and perhaps only way to attain pro- 
ficiency in this work. And, experience with one or two types of ground 
does not assure expertise in handling all types. 
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In addition to knowledge and experience, one must possess a certain 
courage to stand fast in the face of difficulties. When a run starts or pres- 
sure (called weight by miners) develops, it takes courage to remain steady, 
“catch the ground up”, and support it. Otherwise, the heading may be lost 
and serious results follow. 


It must be kept in mind always that the ground may move. A good 
miner never trusts it. He makes certain that it is “caught up” at all times. 
There is an old saying among miners that it is easier to hold the ground 
than to stop it. Movement usually starts right at the excavation and pro- 
ceeds from that point. Consequently, it makes good sense to get the sup- 
port where it’s needed as quickly as possible. Steel tunnel supports are 
designed with this in mind. 


The business of tunneling, designing tunnel supports, and procedures 
for accomplishing the work is most fascinating. If properly done, tunneling 
can be as reasonably safe as any construction work, quite possibly safer 
than many others. As in most construction, tunneling requires care, know- 
ledge, ability to handle the work and to spot trouble, fortitude and pride of 
work, which all good miners possess. 


For the engineer and contractor, data given in these pages should be 
helpful in understanding the unique requirements of tunnel construction, 
not only from the standpoints of design and estimating, but also in per- 
forming the work, overcoming problems foreseen and unforeseen, and 
developing a strong rapport with those doing the physical work of advanc- 
ing a tunnel. 


Perhaps no one knows better than the authors that unexpected prob- 
lems can and do occur in underground construction. It is hoped that this 
book, which drew heavily from the lifetime experiences of its writers, will 
help today’s tunnelmen to master the problems and challenges more 
easily, improving the art as the need for subsurface structures grows. 


TL. W. 
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Glossary 
of Technical Terms 


Reproduced by courtesy of The Ontario 
Ministry of Transportation and Communica- 
tions, publisher of the document, “Tunnel- 
ling Technology,” first printed in May, 1976. 


Introduction All branches of the construc- 
tion industry have terms peculiar to their 
specific technology. Because of continued 
developments and improvements, some terms 
become obsolete while new ones are constantly 
introduced. Thus there is a continuing evolu- 
tion in the terminology which will be used in 
the technical literature and the possibility exists 
that many terms will be unfamiliar to the 
reader. 


The rapid development in tunneling tech- 
nology is a good example of the changes which 
have taken place. Many of the terms have been 
defined in the text as they occur, but it is 
possible that some aspects have been over- 
looked. As a convenience, the glossary of terms 
has been included in an attempt to cover any 
oversights. 


Adit. A short length of tunnel driven from the 
surface to the main tunnel to enable more 
headings to be driven or to provide permanent 
access to the tunnel. 


Advance. The distance excavated during a 
given time (shift day) in tunneling, drifting, or 
in raising or sinking a shaft. 


Air Locks. Pressure chambers located in the 
bulkhead of a tunnel or shaft driven under air 
pressure. Men, material, and equipment pass 
in and out of the tunnel through these locks. 


Blowout. The sudden escape of air from a 
tunnel driven under air pressure. 


Bottom Heading. The excavation of the bot- 
tom half of a tunnel after the top half has been 
excavated for the full tunnel length. 


Breastboarding. Partial or complete, brated 
supports across the tunnel face which holds 
back soft ground during tunnel driving. 


Bulkhead. An airtight partition of steel or 
concrete used to retain air pressure within a 
tunnel. The man locks and muck locks are con- 
structed through the bulkhead. 


Cage. A frame with one or more platforms used 
in hoisting men and materials in a vertical 
shaft. 


Caisson. A shaft of concrete or steel which 
can be sunk through the ground by excavating 
the ground within the perimeter of the lower 
edge, with the rate of sinking frequently con- 
trolled by compressed air. 


California Switch. A portable combination of 
siding and switches superimposed on the main 
track. 


Center Core Method. A method of tunneling 
whereby the center is left to the last for exca- 
vation. 


Chemical Grout. A combination of chemicals 
that gel into a semi-solid after they are injected 
into the ground to solidify water-bearing soils. 


Closed Shield. A shield modified for use in 
subaqueous tunnels in which the working 
pockets can be closed when “shoving blind”. 


Coeur d’Alene Lagging. Lagging placed 
tightly between the webs of adjacent ribs. 


Collar Bracing. Struts installed between sets, 
capable of taking compressive forces. 


Competent Ground. Ground that does not re- 
quire support when a tunnel is excavated 
through it. 


Concrete-As-You-Go. A method used in soft 
ground tunnels that calls for concrete to be 
placed every day. During two shifts the tunnel 
is mined; on the third shift the newly mined 
section is concreted. The method enables a light 
primary lining to be used, and in some cases 
eliminates it entirely. 


Cover. Amount of rock or soil over the arch of 
a tunnel. 


Crown Bars. Timbers or other members in- 
stalled in tunnel roof above sets. 


Cut and Cover. The process of excavating a 
trench from the surface and then decking it 
over, usually with timber so that traffic can be 
maintained during the construction operation 
below. 


Cutterhead. The front end of a mechanical 
excavator, usually a wheel, which actually cuts 
through rock or soft ground. 


Digger Shield. A shield with means for rotary 
mechanical excavation. 


Drift. A horizontal underground passage or 
tunnel. 
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Dry Packing. When solid lagging is used in a 
supported tunnel, pea gravel or other material 
may be forced in between the lagging and the 
excavated surface to furnish support. 


Drive. To excavate horizontally, or at an in- 
clination as in a drift, tunnel, adit, or entry; 
distinguished from sinking or raising. 


Drum Digger. A mechanical tunneling shield 
having a cutting head mounted on a drum 
which revolves inside the outer skin of the 
shield, providing access to the tunnel face 
through the drum. 


Erector Arm. Swing arm on boring machine 
or shield, used for picking up supports and 
setting them in position. 


Face. Vertical wall at the end of the excava- 
tion in a tunnel. 


Firm Ground. Firm ground refers to consoli- 
dated sediments or soft sedimentary rock in 
which the tunnel heading can be advanced 
without any, or with only minimal roof sup- 
port, and the permanent lining can be con- 
structed before the ground begins to move or 
ravel. 


Flowing Ground. Flowing ground moves 
like a viscous liquid. 


Flying Carpet. A portable rail-mounted 
steel platform containing a California switch 
and propelled hydraulically by shoving against 
the rails. 


Footblocks. Blocks of wood or precast con- 
crete placed under ribs or posts in horseshoe- 
shaped or non-circular tunnels to provide bear- 
ing. 

Forepoling. Sharpened planks or steel sec- 


tions driven into the soft ground of headings 
as a protection against sloughing earth. 


Free Air. Air at atmospheric pressure. 


Full-Face Heading. An excavation of the 
whole tunnel face in one operation. 


Graveling. The process of forcing pea gravel 
into the tail void created by a shield to pre- 
vent ground settlement. The process is always 
followed by cement grouting. 


Ground Arch. The ground located immedi- 
ately above a tunnel which transfers the over- 
burden load onto ground located on both sides 
of the tunnel. 


Grout. A mixture of water, cement, and sand, 
or of various chemicals. 


Grouting. Injection of grout through drilled 
holes, under pressure, to fill seams, fractures, 
or joints and thus seal off water inflows or con- 
solidate fractured rock. 
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Heading and Bench. A method of tunneling 
in which a top heading is excavated first, fol- 
lowed by excavation of the horizontal bench 
left behind under cover of the ground support 
provided in the heading. 


High Air. Compressed air used in tunnels to 
operate pneumatic tools. Generally it is 100 
psi, as opposed to the “low air” (10 to 40 psi) 
used to facilitate tunneling through soft 
ground. 


Hog Rod. A steel turnbuckle rod set horizon- 
tally across a shield-driven tunnel to keep the 
primary lining from being distorted. It is re- 
moved when graveling is completed. 


Holing Through. That point in excavation 
when a tunnel daylights at a portal or meets 
another face which gives a continuous tunnel. 


Incompetent Ground. Ground that requires 
support when a tunnel is excavated through it. 


Jump Set. Steel rib or timber support in- 
stalled between overstressed sets. 


Lagging. Wood planking or other structural 
materials spanning the area between ribs. 


Liner Plate. Plates which can be fastened to- 
gether to support the arch, sides, and in some 
cases the invert of the tunnel. 


Low Air. Compressed air supplied to the tun- 
nel to maintain a pressure equal to the external 
hydrostatic pressure. 


Mixed Face. The situation when the tunnel 
passes through both rock and unconsolidated 
material and both are expdsed simultaneously 
at the face. 


Mole. A tunnel-boring machine. 


Muck. Broken rock or other material produced 
at the face of a tunnel by the excavation 
process. 


Open Cut. A trench excavated from the sur- 
face and left uncovered until completion of the 
work within. 


Open Shield. The shield normally used in soft 
ground tunneling. 


Pilot Tunnel. An exploratory tunnel of a 
smaller diameter driven ahead of a large tun- 
nel, being subsequently enlarged to the full 
cross-section. 


Posts. The vertical members of a steel rib or 
timber support system. 

Primary Lining. The tunnel lining placed to 
support the ground as the excavation proceeds. 


Raise. A mine shaft driven from below up- 
ward; an opening, like a shaft, made in the 
back of a level to reach a level above. 


Raveling Ground. Poorly consolidated or 
cemented materials that can stand up for sev- 
eral minutes to several hours at a fresh cut, 
but then start to slough, slake or scale off. 


Rib. Section of tunnel between the spring line 
and back. Also an H- or I-beam steel support 
(see Set). 


Ribs and Lagging. Elements that make up a 
primary lining consisting of steel ribs and 
wood or steel lagging. 


Run-Ins. Flow of materials into the tunnel 
from the tunnel face or from the tunnel circum- 
ference. 


Running Ground. Fine particles of material 
which flow into the excavated area while the 
tunnel is being excavated. 


Sand Hog. A miner who works in a tunnel 
drive under air pressure. 


Secondary Lining. A permanent tunnel lin- 
ing of concrete that is usually placed after 
mining operations have been completed. 


Segments. Sections that make up a ring of 
support or lining; commonly steel or precast 
concrete. 


Set. One structural support for the sides and 
roof of a tunnel; used more when tunnel sup- 
ports were built up with wood members, post 
and crown (see Rib). 


Shield. A steel tube shaped to fit the excava- 
tion line of a tunnel in soft ground and used to 
provide support for the tunnel, provide space 
within its tail for erecting supports, protect the 
men excavating and erecting supports; and if 
breastboards are required, provide supports 


for them. The outer surface of the shield is 
called the shield skin. 


Shield Tail (or skirt). An extension to the 
rear of the shield skin which supports soft 
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ground enabling the tunnel primary lining to 
be erected within its protection. 

Shove. The act of advancing a mole or shield 
with hydraulic jacks. 


Shoving Blind. The process of advancing a 
subaqueous tunnel shield while its face is 
closed. 


Spring Line. Place on the side of a tunnel 
where tunnel or set starts curving into the arch. 


Squeezing Ground. Material that exerts 
heavy pressure on the circumference of the 
tunnel after excavation has passed through 
that area. 


Stand-Up Time. The time that elapses between 
the exposure of an area at the roof of a tunnel 
and the beginning of noticeable movements of 
the ground above this area. 


Struts. Compression supports placed between 
tunnel sets. 


Tail Void. The annular space between the OD 
of the shield and the outside of the primary 
lining. 

Tie Rods. Tension members between sets to 
maintain spacing. These pull the sets against 
the struts. 


Top Heading. The upper section of the tun- 
nel. Also, a tunnel excavation method where 
the complete top one-half of the tunnel is exca- 
vated before the bottom section is started. 


Tunnel-Boring Machine (TBM). A machine 
that excavates a tunnel by drilling out the head- 
ing to full size in one operation and often called 
a mole. A full-face excavator. 


Tunneling Machine. A continuously excavat- 
ing machine utilizing one or more rotating 
cutterheads which are revolved under pressure 
against the tunnel face. Full-face or part-face 
excavator. 
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